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INTRODUCTION
Mangrove and seagrass ecosystems, in (sub-)tropical regions, are 
widely recognized for providing critical ecosystem services, and playing 
vital socioeconomic and environmental functions (Costanza et al., 1997; 
Blaber, 2000; Gillanders, 2006). Mangroves and seagrass beds as habitats, 
for example, have long been considered to be primary habitats for juvenile 
reef fishes (Blaber, 2000; Bloomfield and Gillanders, 2005; Nagelkerken 
et al., 2008a; Nagelkerken, 2009), most of which are commercially impor-
tant to fisheries (Chong et al., 1990; Nagelkerken and van der Velde, 2002; 
Beck et al., 2003; Bloomfield and Gillanders, 2005; Blaber, 2007, 2009) and 
some are endangered species (Dorenbosch et al., 2006b). However, these 
habitats are experiencing a global decline due to both human and climate 
induced perturbations. For example, over 50% of the world’s mangroves 
have been lost over the past decades (Valiela et al., 2001; Alongi, 2002, 2008; 
FAO, 2007), and the diversity of mangrove forests are declining rapidly 
(Duke et al., 2007). Likewise, seagrass beds are being impacted by coastal 
developments, urbanization, dredging, beach seining, climate change and 
other stressors (Blaber, 2000; Gillanders, 2006). Coral reefs are also under 
pressure, especially from unsustainable fisheries practices and global cli-
mate change which are causing bleaching, ocean acidification, and loss of 
coral cover (Nagelkerken and Nagelkerken, 2004; Wagner, 2004; Baker et 
al., 2008; Gladstone, 2009; Mahongo, 2009; Donelson et al., 2010). Because 
of the intricate connectivity among these important tropical ecosystem, 
the continued degradation, loss, and fragmentation of any of these habi-
tats may pose a threat to the recruitment, persistence and sustainability of 
coastal fish populations (Gibson, 1994; Pihl et al., 2005) thereby impacting 
the socio-economic benefits rendered to the multitude of coastal communi-
ties dependent on them.
Habitat connectivity and the nursery hypothesis
Most reef fish species have two life stages – a pelagic larval, and a 
demersal juvenile and adult stage (Doherty, 2002; Leis, 2002). Larvae of-
ten settle into specific juvenile habitats and the settlement of individuals 
plays a key role in determining adult population abundance and dynamics 
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(Booth and Beretta, 1994; Doherty and Fowler, 1994). However, the impor-
tance of larval supply versus other biotic or environmental variables that 
occur during or after settlement has been a long-standing debate (Doherty, 
1991; Jones, 1991; Doherty and Fowler, 1994; Armsworth, 2000; Leis, 2002; 
Steele and Forrester, 2002). The larvae of most reef fish species settle on the 
coral reef, but some (economically important) species have adopted an-
other life strategy where juvenile and adult populations are separated, and 
where juveniles settle in mangroves and or seagrass beds. The larvae set-
tle into habitats with high food abundance (Shulman, 1985; Parrish, 1989; 
Robertson and Blaber, 1992; Verweij et al., 2006a; but see Grol et al., 2008) 
and lower predation pressure than on the reef (Blaber, 1980; Paterson and 
Whitfield, 2000; Laegdsgaard and Johnson, 2001; but see Baker and Sheaves, 
2009b, a; Dorenbosch et al., 2009). High food abundance and lower preda-
tion pressure are presumed to result into higher juvenile survival rates, 
fast growth, and thus a higher recruitment to the adult population on the 
reef. The whole process of reproduction/spawning (on reefs), larvae set-
tling in mangroves and seagrass beds as juveniles, and sub(adults) moving 
back to reefs, forms the basis of the habitat connectivity and interdepend-
ence concept. It is through ecological habitat connectivity/interconnected-
ness that reef fish populations at different life stages are maintained and 
or enhanced. 
Mangroves and seagrass beds in the Indo-Pacific and Caribbean 
regions harbour predominantly high juvenile densities while coral reefs 
have predominantly adults (Robertson and Duke, 1987 ; Parrish, 1989; 
Nagelkerken et al., 2000b; Gillanders et al., 2003; Dorenbosch et al., 2005a; 
Nakamura and Tsuchiya, 2008; Unsworth et al., 2008; Verweij et al., 2008; 
Kimirei et al., 2011). The habitat-related separation of life stages indirectly 
suggests that the juvenile fish must show an ontogenetic movement from 
their juvenile habitat (i.e., mangroves/seagrass beds) to their adult habitat 
(i.e., coral reefs). This forms the basis for the nursery hypothesis, which has 
been debated for several decades (e.g. Beck et al., 2001; Beck et al., 2003; 
Dahlgren et al., 2006). Support for the nursery function of mangroves and 
seagrass beds has been primarily based on the presence of high juvenile 
densities (see reviews by Parrish, 1989; Blaber, 2000; Heck et al., 2003; 
Nagelkerken et al., 2008a; Nagelkerken, 2009). However, a mere presence 
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or absence of juveniles in a habitat does not necessarily mean that this hab-
itat is essential to a particular species (Tupper and Boutilier, 1995; Mangel 
et al., 2006). This is particularly true if the contribution per unit area of this 
habitat to the production of the adult population is minimal in comparison 
to other habitats (Beck et al., 2001; Dahlgren et al., 2006). In other words, 
some juvenile habitats may be acting more as ecological sinks (Mangel 
et al., 2006) than as sources of propagules to the adult stocks. Therefore 
greater contribution to adult recruitment must be supported by higher: 
1) density, 2) growth, 3) survival of juveniles, and 4) movement to adult 
habitats (Beck et al., 2001). In addition, Dahlgren et al. (2006) proposed that 
habitats should be assessed based on their overall contribution to the adult 
populations (‘effective juvenile habitat’ concept). In this case, even habitats 
with low per-unit-area contribution but which have high overall export of 
recruits to the adult fish population are considered as important nurseries 
for juveniles.
Indo-Pacific vs. Caribbean mangroves
Evidence for the nursery-role function of mangroves and seagrass 
beds, even though mainly based on comparisons of fish densities and size 
classes among habitats, has been well indicated from the Caribbean region 
(e.g. Nagelkerken et al., 2000a, 2001, 2008b; Cocheret de la Morinière et al., 
2002, 2004; Mumby et al., 2004; Verweij et al., 2006b, 2007, 2008; Mateo et 
al., 2010), but few, mainly recent, studies exist in the Indo-pacific region 
(Dorenbosch et al., 2004, 2005a, 2006a; Nakamura and Sano, 2004; Lugendo 
et al., 2005, 2006, 2007b; Unsworth et al., 2007, 2008, 2009; Nakamura et al., 
2008; Nakamura and Tsuchiya, 2008; Kimirei et al., 2011). The function of 
the Indo-Pacific mangroves as nursery/juvenile habitats for fish and mac-
rozoobenthos has long been questioned (Blaber and Milton, 1990; Chong 
et al., 1990; Thollot, 1992; Laroche et al., 1997; Sheaves, 2001; Bouillon et al., 
2002a, 2002b) and because of the limited number of studies, the nursery 
role of these habitats in this region remains rudimentary (see reviews by 
Faunce and Layman, 2009; Nagelkerken, 2009). This calls for more studies 
in the region to help gather enough evidence for or against the debate and 
solve the dispute. In a recent comprehensive review of available informa-
tion on habitat connectivity and the nursery role of tropical and subtropi-
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cal coastal habitats, Nagelkerken (2009) argued that the apparent disparity 
between the two regions is based on an incorrect comparison, confounded 
by differences in tidal range (low vs. high), salinity (estuarine vs. marine), 
and spatial setting (island vs. continental coastlines). He further argued 
that another questionable argument that has been used in relation to the 
nursery function is that relatively few Indo-Pacific species seem to depend 
on mangrove habitats. This is because most studies look at the function 
of these putative nursery habitats from a species assemblage level where 
comparisons are made on the number of species utilizing these habitats 
as juveniles (e.g. Thollot, 1992; Laroche et al., 1997). However, if these few 
species are of high commercial importance, are highly abundant species 
or fulfill important ecological roles, then they can have important impacts 
on ecosystem production, functioning and resilience (Nagelkerken, 2009). 
Therefore, the importance of Indo-Pacific shallow-water habitats to juve-
nile coral reef fishes needs to be assessed on an individual species level 
and the overall contribution of each habitat to the adult population of that 
particular species determined (Dahlgren et al., 2006).
Recent studies suggest that Indo-Pacific mangrove and seagrass 
beds potentially function as important nurseries for reef fishes. For exam-
ple, multiple species are found only in these habitats during their juvenile 
stage (Dorenbosch et al., 2005a, 2007a; Lugendo et al., 2005, 2007a; Naka-
mura and Tsuchiya, 2008; Kimirei et al., 2011), while isolated reefs show 
significantly lower densities of such species than reefs directly adjacent 
to these habitats (Dorenbosch et al., 2007b). Moreover, despite the meth-
odological bottlenecks associated with tissue stable isotopes as tracers of 
habitat use (Rubenstein and Hobson, 2004), mangroves have been found 
to export recruits to adult fish populations on coral reefs (Nakamura et 
al., 2008). A better understanding of the importance of these habitats in 
maintaining or enhancing the reef fish populations is needed to critically 
identify areas of conservation importance. 
Why do fish shift habitats with ontogeny?
Coral reef fish species that use different and/or separate habitats for 
juvenile and adult life stages are termed ‘ontogenetic shifters’ (Dahlgren 
and Eggleston, 2000; Adams and Ebersole, 2009). In tropical seascapes, 
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ontogenetic habitat shifts are especially common, and essentially involve 
fishes shifting from vegetated juvenile habitats (e.g. mangroves, algal fields, 
seagrass beds) to spatially-segregated deep-water adult habitats (e.g. coral 
reefs, offshore shelf areas) (Nagelkerken and van der Velde, 2002; Doren-
bosch et al., 2005a, 2005b; Adams et al., 2006; Nagelkerken et al., 2008a; Na-
kamura and Tsuchiya, 2008; Shibuno et al., 2008; Kimirei et al., 2011). The 
question of ‘what advantages does the spatial separation between juvenile 
and adult populations offer to these species’ has resulted into the mini-
mize µ/g hypothesis which states that habitats are selected where growth 
rate (g) is maximized and mortality risk (µ) is minimized (Dahlgren and 
Eggleston, 2000). Ontogenetic habitat shifts, as opposed to regular habitat 
shifts which can vary depending on their function and temporal scale (e.g. 
diel migrations or seasonal spawning migrations), have a more permanent 
character and unidirectional flow. Yet the benefits of permanent habitat 
shifts must outweigh the associated risk of movement for them to occur 
(Dahlgren and Eggleston, 2000; Hammerschlag et al., 2010b). Therefore 
habitat selection and shifts involve careful ecological trade-offs (Werner 
and Gilliam, 1984; Werner and Hall, 1988; Dahlgren and Eggleston, 2000; 
Grol et al., 2011). However, little empirical evidence exists to disentangle 
the multiple factors that underlie these ecological trade-offs. For example, 
the availability of prey (Galarowicz et al., 2006), size-specific changes in 
diet (McCormick and Makey, 1997), predation risk (Grol et al., 2011), and 
growth (McCormick, 1998) may all influence ontogenetic habitat shifts by 
marine fishes and invertebrates.
In marine environments, daily and seasonal variations in abiotic fac-
tors, like temperature, salinity, and turbidity may also trigger migrations 
(Travers et al., 2006; Unsworth et al., 2007). However, key biotic drivers 
(e.g., predation and competition) are probably at least equally important 
(Edgar and Shaw, 1995; Hyndes et al., 1997; Cocheret de la Morinière et 
al., 2003a, 2003b; Hammerschlag and Serafy, 2009; Hammerschlag et al., 
2010a, 2010b; Grol et al., 2011). Moreover, habitat shifts could result from 
the onset of sexual maturity and the biological need to seek reproductive 
partners or move to environments that promote spawning and enhance 
gamete dispersal and survival (Nemeth, 2009) – an iconic example being 
the long-distance spawning migrations of oceanic salmon to natal riverine 
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areas (Ueda, 2011; review by Leggett, 1977). Yet while multiple studies 
have focused on single drivers of ontogenetic habitat migrations, few stud-
ies have endeavored to examine multiple drivers. 
Thesis objectives and research questions
The main objective of this thesis was to test the nursery hypothesis 
in a mangrove–seagrass–mudflat–coral reef gradient using the Tanzanian 
coastal waters as a model system. This was done by (1) comparing fish 
densities and sizes among the 4 habitat types and at different water depths 
(shallow vs. deep mudflats as well as coral reefs) in order to elucidate pat-
terns of ontogenetic habitat use, (2) studying diet changes, maturation and 
growth as potential triggers of ontogenetic habitat shifts, and (3) investi-
gating whether fishes on the coral reef have originated from mangroves/
seagrass nurseries, using otolith carbon and oxygen stable isotope analysis. 
Additionally, (4) a comparison was made of the ecological value of differ-
ent mangrove/seagrass nurseries to fish. Four economically important fish 
species were selected for this study, viz. Lethrinus harak, Lethrinus lentjan, 
Lutjanus fulviflamma, and Siganus sutor. The research questions seeking to 
answer the main study objective were formulated as follows:
1. Is the density of juvenile fishes higher in mangroves, seagrass beds or 
subtidal mudflats than on the coral reef?
2. How flexible or persistent are patterns of ontogenetic habitat shifts 
through time and space?
3. How useful are measures of fish population demography and popu-
lation structure to assess the importance of shallow water habitats for 
juvenile fish?
4. How do biological and environmental variables explain spatial and 
temporal variability in population structure of juvenile fish in man-
grove/seagrass nurseries?
5. What drives ontogenetic niche shifts in coral reef fishes?
6. What proportion of adult fish from the reef has passed through man-
grove/seagrass nurseries?
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Thesis outline
Chapter 2 addresses the first two questions. It forms the basis for the 
thesis by providing an overview of differential habitat use by different life 
stages of fish (juveniles vs. adults). It also assesses variability in patterns of 
ontogenetic habitat use on both temporal and spatial scales.
Chapter 3 addresses questions 3 and 4. Here, population demogra-
phy and structure are compared among juvenile habitats which were iden-
tified in chapter 2. The influence of various biological and environmental 
variables on population structure and dynamics in putative juvenile habi-
tats is covered. This chapter investigates whether mangroves and seagrass 
beds are generally suitable as nurseries for fish, or whether they differ in 
their quality, in terms of e.g. food abundance, environmental variables, 
and growth prospective.
Chapter 4 addresses question 5 and investigates multiple ecologi-
cal drivers to understand what causes ontogenetic habitat shifts in coral 
reef fishes. Factors such as dietary shifts, maturation, food abundance, and 
growth are combined to elucidate possible triggers of niche shifts by fishes 
with a stage-structured life cycle.
Chapter 5 addresses question 6. It uses otolith stable carbon and 
oxygen isotopes to study whether reef adults of the study species have 
passed through seagrass and mangrove habitats as juveniles. The debate 
of whether Indo-Pacific mangroves are important juvenile fish habitat, as 
is the case in the Caribbean, is discussed in detail.
Chapter 6 forms the general discussion of the thesis. It links the in-
formation presented in the other four chapters to complete this thesis and 
comprehensively assess the importance of mangroves and seagrass beds 
as nursery habitats for commercially important fish species in an Indo-
Pacific locality. It provides recommendations for further research, conser-
vation, and fisheries management.
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ABSTRACT
Tropical shallow-water habitats such as mangroves and seagrass 
beds are widely acknowledged as important juvenile habitats for various 
coral reef fish species, most of which are commercially important to fisher-
ies. Spatio-temporal variability in ontogenetic habitat use by fish among 
these tropical coastal ecosystems has rarely been investigated, yet there 
are sufficient reasons to believe that this plays an important role. In the 
present study, we test the spatio-temporal variability in patterns of ontoge-
netic habitat use by some mangrove/seagrass-associated coral reef fishes 
(Lethrinus harak, Lethrinus lentjan, Lutjanus fulviflamma and Siganus sutor). 
Abundances of these four species were investigated during two years in 
Tanzanian coastal waters, using underwater visual census in mangrove, 
seagrass, shallow and deep mudflat, and shallow and deep coral reef habi-
tats. The study covered four distinct seasons of the year and was done 
at two spatially separated (>40 km) locations. Averaged across locations, 
seasons and years, juveniles (≤10 cm length) of the four study species had 
significantly higher relative densities in shallow-water (mangroves and 
seagrass beds) than in deep-water habitats (deep mudflats or coral reefs), 
whereas the opposite pattern was found for the adults (>15 cm). These 
findings suggest a strong and general pattern of ontogenetic habitat shifts 
from shallow- to deep-water habitats. However, specific habitat-use pat-
terns of juveniles as well as adults differed significantly in time and space. 
Various species showed subtle to considerable flexibility in juvenile as 
well as adult habitat use across seasons, years, or at different locations. 
Furthermore, for some species the data suggest presence of ontogenetic 
habitat shifts at one location but lack thereof at the other location. In sum-
mary, ontogenetic habitat use needs to be considered at various spatial and 
temporal scales for the interpretation of habitat utilization by fish during 
different life stages. This is important for conservation and management 
of these habitats, as essential habitats or seasons may be ignored or over-
emphasized with respect to their importance for fish during different parts 
of their life cycle.
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INTRODUCTION
Many reef fish species are known to have two life stages – a pelagic 
larval, and a demersal juvenile and adult stage. Larvae settle into specif-
ic juvenile habitats through a process defined as settlement (Armsworth, 
2002). The extent of reef fish larvae that reach settlement habitats partly 
determines adult abundances (Booth and Beretta, 1994) indicating the im-
portance of this process for population dynamics. 
Tropical shallow-water habitats such as mangroves and seagrass beds, 
into which the pelagic larvae of some species settle (Pollux et al., 2007), are 
widely acknowledged as important settlement and juvenile habitats for 
various coral reef fish species, most of which are commercially important 
to fisheries (Chong et al., 1990; Beck et al., 2003; Bloomfield and Gillanders, 
2005; Lugendo et al., 2007a). These habitats have been referred to as nurser-
ies because they harbor high densities of juveniles (Parrish, 1989; Adams 
et al., 2006a; Dorenbosch et al. 2005a). Vegetated shallow-water habitats 
are presumably attractive to juvenile fishes because they have high habitat 
complexity (Orth et al., 1984; Nagelkerken and Faunce, 2008) and are less 
frequented by predators (Blaber, 1980; Paterson and Whitfield, 2000, but 
see Sheaves, 2001; Baker and Sheaves, 2009a, b; Dorenbosch et al., 2009). 
Due to the structural complexity they provide protection against predation 
(Grol et al. 2011) and have high abundances of prey (Robertson and Blaber, 
1992; Verweij et al., 2006, but see Grol et al., 2008). Another advantage of 
inshore juvenile habitats is the relatively high turbidity compared to off-
shore waters. Turbidity reduces the visual predators’ effectiveness during 
hunting (Cyrus and Blaber, 1987).
The presence of mangroves or seagrass in close proximity to coral 
reef habitats has been indicated as an important factor affecting reef fish 
assemblages (Dorenbosch et al. 2005a, 2007; Unsworth et al., 2008; Nagel-
kerken, 2009). However, not all seagrass beds and mangroves function 
equally as juvenile habitats (Laroche et al., 1997; Nagelkerken and van der 
Velde, 2004; Dorenbosch et al., 2006; Huijbers et al., 2008). Moreover, a true 
nursery habitat must contribute a higher proportion to the adult popula-
tion than other habitats in which the juveniles also occur; otherwise it may 
just function as an additional juvenile habitat (Beck et al., 2001; Gillanders, 
2002; Gillanders et al., 2003; Heck et al., 2003). 
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The cross-ecosystem separation of juvenile and adult habitats has 
been suggested to be a strategy to minimize mortality and maximize 
growth (Adams et al., 2006a; Grol et al., 2011). This is likely achieved by 
reducing predation and competition and increasing food interception 
rate. There is a growing need to understand both the level at which, and 
the mechanisms of how juvenile and adult fish habitats are connected for 
conservation and fisheries management purposes (Gillanders et al., 2003; 
Mellin et al., 2007). Seagrasses and mangroves are under high exploitation 
pressure, and about 30-60% of these habitats have already been lost (Blaber 
et al., 2000; Valiela et al., 2001).
Shallow-water habitat use by coral reef fishes may vary from region 
to region depending on, amongst other things, tidal regimes. In the Indo-
Pacific, for example, where mangroves are often completely drained dur-
ing low tide, fishes move into the mangroves or other shoreline habitats 
to feed or shelter at high tide and out onto adjacent seagrass beds at low 
tide (Vance et al., 1996; Dorenbosch et al., 2004; Lugendo et al., 2006). In 
the Caribbean, where mangroves are permanently inundated, fish use 
mangroves as shelter during the day and move out to adjacent seagrass 
at night for feeding (Nagelkerken et al., 2000; Verweij and Nagelkerken, 
2007; Luo et al., 2009). As fish grow they attain a size less vulnerable to 
predators, and their needs change (Laegdsgaard and Johnson, 2001). At a 
certain stage, they show a permanent ontogenetic migration to sub-adult 
and adult habitats for feeding and reproduction. 
Despite the growing literature that deals with habitat use by man-
grove/seagrass-associated reef fish species (see reviews by Sheaves, 2005; 
Adams et al., 2006a; Nagelkerken, 2007; Nagelkerken et al., 2008; Nagel-
kerken, 2009), very few studies have considered the  spatio-temporal vari-
ability in ontogenetic habitat use (see review by Gillanders, 2006). The few 
studies available have focused on the Caribbean (e.g., Dahlgren and Egg-
leston, 2001; Chittaro, 2004; Adams et al., 2006b). In the Indo-Pacific region, 
a recent study by Nakamura and Tsuchiya (2008) in the Ryukyu Islands in-
dicated spatial and temporal variability in patterns of habitat use by fishes 
using seagrass beds and coral reefs. However, mangroves or other habitats 
were not included as potential juvenile habitats. Laroche et al. (1997), for 
example, only studied spatio-temporal variability in mangroves. With the 
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Figure 1 Map 
showing the 
study locations 
Mbegani (a) and 
Kunduchi (b), 
and all sampling 
sites (black dots) 
at which multi-
ple permanent 
transects were es-
tablished. Grey ar-
eas indicate land. 
SgM = seagrass 
beds Mbegani, 
SgK = seagrass 
beds Kunduchi. 
Hatched area in-
dicate the position 
of mangroves. At 
each island site 
seagrass beds, 
shallow mudflats 
as well as shallow 
coral reef habitats 
were surveyed. 
Shallow reefs 
were also sur-
veyed at Kuni and 
Mshingwi reefs. 
Deep mud flats 
and deep coral 
reefs were sur-
veyed at Mshing-
wi reef and Kuni 
reef (Mbegani) 
and Far reef and 
Gold reef (Kun-
duchi)
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exception of Lugendo et al. (2007b), who sampled both mangroves and 
seagrass beds, hardly any studies of this nature exist, while almost none of 
these studies included coral reefs. Moreover, most habitat use and recruit-
ment studies are based on short-term sampling (weeks to months) or ex-
periments at only one or a few locations (Shulman, 1985; Wellington, 1992), 
or around spawning and recruitment peaks. Studies designed to sample 
one or a few habitats at a single site, or for a limited period of time, or 
mostly around recruitment peaks, or without separating juveniles from 
adults, may over- or under-estimate the importance of particular habitats 
and seasons for specific life stages of fish. Both spatial and temporal differ-
ences in juvenile abundance and their habitat use could have profound ef-
fects on the adult population. As such, recruitment and habitat use studies 
should take into consideration the effect of space and time in their design. 
This is particularly lacking for fish species that use non-reef habitats as 
juvenile habitats.
The present study examined spatio-temporal variations in ontoge-
netic habitat use by four common and commercially important mangrove/
seagrass-associated coral reef species from two spatially-separated loca-
tions in six different habitat types (mangroves, seagrass beds, shallow 
mudflats, deep mudflats, shallow coral reefs and deep coral reefs) over 
four seasons during two years to understand the degree to which patterns 
in ontogenetic habitat use are stable in time and space, or how variation 
thereof may differently affect conclusions regarding cross-ecosystem on-
togenetic habitat use. 
MATERIALS AND METHODS
Study area
The study was conducted in Mbegani and Kunduchi, Tanzania (Fig-
ure 1). There are two rain seasons, i.e. October–December and March–May, 
with the heaviest rainfall occurring in the latter (Figure 2). The rest of the 
year is characterized by dry spells although a minor rainfall peak occurs 
consistently during January–February. In the current study, four differ-
ent seasons were identified on basis of the rainfall that occurred during 
the study period (2007–2009): season one (S1, June–September, dry season), 
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season two (S2, October–November, short rainy season), season three (S3, 
December–February, pre-rainy season) and season four (S4, March–May, 
long rainy season). The mean rainfall differed significantly across seasons 
(mixed design ANOVA on log-transformed data; Field, 2005; F3,8 = 12.276, 
p = 0.002) and not across years (F2,16 = 2.469, p = 0.116). Likely due to few 
replicates per month per season (N = 3) and variability among months 
within seasons, only season four differed significantly from season one 
(Turkey HSD post-hoc test, p = 0.002) and season one from season two (p 
= 0.021).
The mangroves at Mbegani are usually non-estuarine and are situ-
ated at the mouth of a large embayment (Figure 1a). Sonneratia alba is the 
most dominant mangrove species at the seaward side of the forest where 
the study was done. The sites were located along a tidal channel which is 
seasonally fed by an intermittent river. Sampling was done in the S. alba 
root zone during high tide when water levels were approximately 1.5 m 
in height.
The seagrass bed at Mbegani was located close to the entrance of 
the embayment (Figure 1a). The intertidal zone is represented by various 
seagrass species but T. hemprichii is responsible for > 60% of the seagrass 
cover at this location. Sampling was done at approximately 2 m depth in T. 
hemprichii beds covering an area of about 22400 m2.
Two offshore fringing reefs were sampled at Mbegani (Figure 1a). At 
Mshingwi reef, massive coral colonies dominate the reef flat while at the 
drop-off there is a mix of Acropora spp., Turbinaria sp. and Porites sp.; the 
reef slope is dominated by Porites sp. and Montipora spp. Massive coral 
colonies and some species of mushroom corals dominate the reef base at 
14 m depth at the interface with the deep mudflat. At Kuni reef there is 
a dominance of Porites sp. at the reef slope and massive coral colonies at 
the reef base at 16 m depth, which is also followed by a deep mudflat. At 
each of these reefs, one shallow (< 5 m) and one deep (≥ 5 m) reef site was 
selected for the visual censuses. On the deep reef slope, transects were 
laid parallel, and spread out evenly along the depth gradient (5–14 m), to 
cover the entire reef slope at each site. On the reef flat (2–5 m), one or two 
transects were placed, at least 20 m apart and parallel to the reef. The deep 
mudflats were sampled, depending on the tide, between 14 and 18 m and 
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16 m and 19 m at Mshingwi and Kuni reefs, respectively.
The mangrove forest at Kunduchi is dominated by Sonneratia alba 
along the sides of the Manyema creek (Figure 1b). Freshwater input is only 
substantial during heavy rainfall. Visual census was conducted in the S. 
alba root zone during high tide at water levels of approximately 1.5 m in 
height.
Along the Kunduchi coastline a large seagrass bed dominates the 
underwater environment at 0.5–5 m depth, depending on the tides. The 
diversity of seagrass species at Kunduchi resembles that of the intertidal 
at Mbegani. Sampling was conducted at 2.5–3 m depth on an extensive 
Thalassia hemprichii bed.
At 1.5–3 km offshore the Kunduchi coastline three islands occur 
which are fringed by coral reefs and seagrass beds and which are separat-
ed from the mainland shelf by a 15 m deep channel running almost parallel 
to the coastline (Figure 1b). The vertical gradient of habitats on the islands 
is: a shallow seagrass bed consisting of mixed species (0–2 m depth), a shal-
low fringing coral reef (2–4 m depth), a shallow mud flat at around 4 m 
depth and approximately 5 m in width, and a deeper seagrass bed (4–10 m 
depth) dominated (> 60% cover) by Thalassia hemprichii. The shallow reefs, 
shallow mud flats and deeper seagrass beds were sampled at Bongoyo and 
Mbudya Islands.
Figure 2 Total monthly rainfall (mm) in the study area during 2007–2009
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Deep mud flats and coral reefs were sampled on two offshore reefs in 
the Kunduchi area (Figure 1b). ‘Far reef’ is a completely submerged patch 
reef at 15–20 m which is approximately 150-500 m in width and length, fol-
lowed by mudflats at greater depths. Massive coral colonies and a variety 
of soft corals dominate this reef, with about 70% coral cover. ‘Gold reef’ is 
also a submerged patch reef, located at 17–20 m deep and about 50-150 in 
size, with a mudflat at greater depths.
Sampling design
Abundance and size (total length in cm) estimations for four com-
mon and commercially important coral reef fish species, namely Lethrinus 
harak, L. lentjan, Lutjanus fulviflamma and Siganus sutor, were performed in 
six habitat types (mangroves, seagrass beds, shallow and deep coral reef, 
shallow and deep mudflat) during daytime, using an underwater visual 
census method by SCUBA-diving and/or snorkeling. The advantages and 
disadvantages of this method are discussed in English et al. (1994). In or-
der to standardize observations and observe fish optimally, divers swam 
transects at a speed not more than 10 m/min. To minimize the disturbance 
to the fishes, divers unrolled the transect line while swimming and esti-
mating fish size and abundance.
Fish size and abundance estimations and species recognition were 
first practiced thoroughly in the field before starting the censuses. Size esti-
mation was practiced by estimating the size of objects (of different sizes at 
different distances) underwater and measuring the real size after estima-
tion; this was continued until size estimation was precise. Size estimation 
was also repeated regularly during the study period so as to eliminate any 
discrepancy in estimation over time.
Multiple spatially separated (> 30 m) permanent belt transects (4 x 50 
m) were established at multiple sites at each of the two study locations in 
each of the six habitat types (Figure 1, Table 1). Sites were relocated using a 
GPS (Map 60, Garmin). With the exception of the shallow reef (one or two 
transects per site) and deep mudflats (one transect per site) at the offshore 
reefs, a minimum of three transects were sampled per site in any of the 
mangroves, deep coral reefs, and along-shore seagrass beds. On Mbudya 
and Bongoyo Islands, one or two transects per site per habitat (seagrass, 
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Figure 3 Overall 
habitat use pat-
terns by different 
size classes (total 
length) of four fish 
species (a) Lethri-
nus harak, (b) Le-
thrinus lentjan, (c) 
Lutjanus fulviflam-
ma, and (d) Siganus 
sutor. Mg = man-
groves, Sg = sea-
grass beds, SMf = 
shallow mudflats, 
DMf = deep mud-
flats, SCr = shallow 
coral reefs, DCr = 
deep coral reefs. 
Numbers between 
brackets below the 
x-axes indicate the 
total number of 
fish observed per 
size class
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shallow reef, and shallow mudflat) were sampled. The censuses were 
done monthly during neap tide, over 21 consecutive months (June 2007–
February 2009). The tidal amplitude in the region is about 4 m at spring 
tide. Snorkeling was used to survey shallow seagrass beds at Mbudya and 
Bongoyo Islands and mangroves at Kunduchi and Mbegani, while SCUBA 
diving was used in all other habitats.
Data analysis
For the analyses, fishes were subdivided into “juveniles” (≤ 10 cm 
TL) and “adults” (> 15 cm TL). The size at first maturity for L. harak was 18 
±2 cm (n = 246), 15 ± 1 cm (n = 377) for L. lentjan, 16 ± 2 cm (n = 1039) for L. 
fulviflamma, and 18 ± 1 cm (n = 436) for S. sutor (Kimirei et al., unpublished 
data). Relative densities of juveniles and adults were averaged per species, 
habitat, season, year, and location, and analyzed using a factorial ANOVA 
with habitat, season, year, and location as fixed factors. The data were first 
tested for homogeneity of variance using a Levene’s test. Relative fish den-
sity data were log10(x+0.375)-transformed (Parsad et al., 2004) before analy-
sis, as this provided the best transformation to meet ANOVA assumptions. 
A Tukey HSD post-hoc test was used for comparison of means, while a 
Games-Howell post-hoc test was used when the requirement for homoge-
neity of variance was violated. Significance levels of p < 0.05 were used in 
all tests. SPSS 16 for Windows was used for all analyses (Field, 2005).
Table 1. Total number of transects (# sites between brackets) sampled per location 
and habitat over the course of the study. Mg = mangrove, Sg = seagrass bed, SMf 
= shallow mudflat, DMf = deep mudflat, SCr = shallow coral reef, and DCr = deep 
coral reef
Location Spatial setting Mg 
Transect 
Sg 
Transect 
SMf 
Transect 
DMf 
Transect 
SCr 
Transect 
DCr 
Transect 
Kunduchi Along-shore 113 (4) 81 (1) - - - -
Mbudya Island - 194 (4) 48 (4) - 192 (4) -
Bongoyo 
Island
- 178 (4) 37(4) - 117(4) -
Offshore - - - 33 (2) - 142 (2)
Mbegani Along-shore 216 (4) 112 (1) - - - -
 Offshore - - - 48 (2) 44 (2) 132 (2)
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Figure 4 Spatial variation in habitat use by different size classes (total length) 
of four fish species (a) Lethrinus harak, (b) Lethrinus lentjan, (c) Lutjanus ful-
viflamma, and (d) Siganus sutor at the two study locations of Mbegani and 
Kunduchi. SgI = seagrass beds on Mbudya and Bongoyo Islands. Other leg-
end keys are the same as in Figure 3
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RESULTS
Overall ontogenetic habitat use
 The four selected fish species showed a size-frequency distribution 
pattern that suggested a general ontogenetic habitat shift from shallow- to 
deep-water habitats (Figure 3, Table 3a). Juveniles (≤ 10 cm TL) of the study 
species, pooled for all sites and months per habitat, only occurred in high 
densities in shallow-water habitats (i.e., seagrass beds and mangroves) 
and not in deep-water habitats (i.e., deep mudflats and deep coral reefs). 
There were highly significant differences in juvenile densities among habi-
tats for all species (Table 2). Highest relative juvenile densities were found 
in seagrass beds (Figure 3) for L. harak (93%, Games-Howell post-hoc tests 
comparing predominant habitat to all other habitats: p < 0.028), L. lent-
jan (99%, p < 0.001), and S. sutor (98%, p < 0.001). Highest densities for 
juvenile Lutjanus fulviflamma were recorded in both seagrass beds (55%) 
and mangroves (38%) (p < 0.042). Adults (> 15 cm TL) of the four species 
also showed highly significant differences among habitats (Table 2) and 
occurred in higher densities in deep-water habitats (i.e., deep mudflats and 
deep coral reefs) than in shallow-water habitats (Figure 3). Adult densities 
were significantly highest on deep mudflats (37%), shallow reefs (22%) and 
deep reefs (21%) for L. harak (Games-Howell post-hoc tests: p < 0.013), on 
deep mudflats for L. lentjan (70%, p < 0.018), and on deep coral reefs for L. 
fulviflamma (82%, p < 0.001). An exception was S. sutor which had compara-
tively equal adult densities on deep reefs (41%), shallow reefs (33%) and 
seagrass beds (25%) (p > 0.650).
Spatial variation in ontogenetic habitat use
There were significant spatial differences in habitat use between 
Mbegani and Kunduchi with some species and size-class exceptions (Fig-
ure 4, Table 3b). For Lethrinus harak a significant interaction between loca-
tion and habitat was present for both juveniles and adults (Table 2) in-
dicating spatial differences in habitat use for juveniles as well as adults. 
While 94% of Lethrinus harak juveniles occupied seagrass beds at Mbegani, 
juveniles used seagrass beds (76%) as well as shallow coral reefs (16%) at 
Kunduchi (Figure 4a). At Mbegani, adults were observed on deep mud-
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flats (52%), deep reefs (28%) and shallow reefs (19%), whereas at Kunduchi 
45% occupied shallow mudflats, 27% shallow reefs and 18% seagrass beds, 
all located at Mbudya and Bongoyo Islands.
For Lethrinus lentjan a significant interaction between location and 
habitat was found for juveniles as well as adults (Table 2). The majority of 
juvenile L. lentjan predominated in seagrass beds at both Mbegani (89%) 
and Kunduchi (99%), but for the latter location fish were only observed at 
the seagrass beds of Mbudya and Bongoyo Islands as opposed to along-
shore seagrass beds (Figure 4b, Table 3b). While adults of L. lentjan were 
most abundant on deep mudflats (82%) at Mbegani, they occurred at com-
parable densities on shallow reefs (39%) and deep reefs (29%) at Kunduchi.
For juvenile Lutjanus fulviflamma no interaction was present between 
location and habitat (Table 2), and they were almost equally abundant in 
the seagrass beds (55%) and mangroves (41%) at Mbegani, and in the sea-
grass beds (50%) and mangroves (32%) at Kunduchi (Figure 4c, Table 3b). 
A significant habitat–location interaction was found for adults, although 
highest densities (> 80%) were found on the deep reefs at both locations. 
For Siganus sutor the interaction between location and habitat was 
significant for juveniles and adults (Table 2). While 86% of juvenile S. sutor 
were found on the seagrass beds at Mbegani, 100% of the juveniles were 
observed on seagrass beds at Kunduchi (Figure 4d, Table 3b) but here ju-
veniles had a similar relative abundance on along-shore (48%) and island 
seagrass beds (52%). Adults showed equal densities on deep reefs (57%) 
and shallow reefs (43%) at Mbegani, but at Kunduchi they occurred pre-
dominantly on the islands’ seagrass beds (51%) and less often on the deep 
(24%) and shallow (23%) reefs.
On a smaller spatial scale (within Kunduchi, see Figure 1) some dif-
ferences were observed between along-shore and islands’ seagrass beds 
(Figure 4). Juveniles of all species except L. lentjan occurred at both sea-
grass beds. In contrast, in cases where adults were found in seagrass beds 
they were only observed on the offshore islands and never on the along-
shore seagrass beds.
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Table 3: Summery of ontogenetic habitat-use patterns for each fish species: a) 
overall, b) spatial, and c) temporal patterns. J = juveniles, A = adults, ++ = rela-
tive abundance >50%, + = relative abundance = 20—50%, S1 = season one (dry 
season, June—September), S2 = season two (short rainy season, October—No-
vember), S3 = season three (pre-rainy season, December—February), S4 = season 
four (long rainy season, March—May). Mg = mangroves, Sg = seagrass beds, SMf 
= shallow mudflats, DMf = deep mudflats, SCr = shallow coral reefs, DCr = deep 
coral reefs; LH = Lethrinus harak, LL = Lethrinus lentjan, LF = Lutjanus fulviflamma, 
SS = Siganus sutor. M = Mbegani, K = Kunduchi.
    A) OVERALL PATTERN
    LH LL LF  SS        
    J A J A J A J A         
    Mg   +            
    Sg ++  ++ ++  ++ +         
    SMf               
    DMf  + ++             
    SCr  +    +         
    DCr  +  ++  +         
 B)   SPATIAL PATTERN C)  TEMPORAL PATTERN
      Year one Year two
  Juveniles  Adults Juveniles Adults Juveniles Adults
M K M K S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S1 S2 S3
LH
 
 
Mg     +   +      +       
Sg ++ ++    ++ ++ ++      ++ ++ ++   +  
SMf    + +    +  +       + +  
DMf   ++      ++ + +       +  +
SCr    +      + + +      + +  
DCr   +       +          +
LL
 
 
Mg                     
Sg ++ ++   ++ ++ ++ ++     ++ ++ ++   +  
SMf                     
DMf   ++      ++ ++ ++ ++       + ++
SCr    +              +   
DCr    +     + +        ++ + +
LF
 
 
Mg + +   ++ ++ + +      + + +     
Sg ++ ++    ++ +      ++ ++ ++     
SMf                     
DMf                     
SCr      +            +  +
DCr   ++ ++     ++ ++ ++ ++      ++ ++ ++
SS
 
 
Mg                     
Sg ++ ++  ++ ++ ++ ++ ++ + +    ++ ++ ++  ++  
SMf                     
DMf                     
SCr   + +       +         ++
DCr   ++ +     ++ + ++ ++      + ++  
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Temporal variation in ontogenetic habitat use
Temporal variability in ontogenetic habitat use by the four study spe-
cies was observed in various cases for juveniles as well as adults (Figure 
5, Table 3c). Lethrinus harak showed significant differences in habitat use 
Figure 5: Temporal variations in habitat use by different size classes (total 
length) of four fish species (a) Lethrinus harak, (b) Lethrinus lentjan, (c) Lutjanus 
fulviflamma and, (d) Siganus sutor during four seasons of two years. S1 = season 
one (dry season), S2 = season two (short rainy season), S3 = season three (pre-
rainy season), and S4 = season four (long rainy season); a = year one (June 2007–
May 2008), b = year two (June 2008–February 2009). Legend keys are the same 
as in Figure 3
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among seasons as well as between years (Table 2). Juveniles were mainly 
observed in mangroves (23%) and shallow mudflats (21%) in season one, 
seagrass beds (86%) in season two, only seagrass beds (100%) in season 
three, and seagrass beds (59%) and mangroves (41%) in season four of year 
one (Figure 5a). With the exception of season one of year two when juve-
niles were observed in seagrass beds (72%) and mangroves (20%), this spe-
cies used seagrass beds (99%) as the predominant habitat in the remainder 
of the seasons in year two. Adult L. harak were consistently observed in 
multiple habitats, viz. shallow and deep reefs and mud flats, and no sig-
nificant effect of season and year on habitat use was found.
Lethrinus lentjan consistently used seagrass beds (> 89%) as a juvenile 
habitat across seasons and years (Figure 5b, Table 3c), and no significant 
interaction was present between season and habitat (Table 2). Adults used 
deep mudflats (range: 53–97%) as their main habitat throughout the first 
year and a combination of different habitats in different seasons during 
the second year (Figure 5b). For example, deep coral reefs formed the main 
habitat (> 63%) during season one, while seagrass beds (50%) and deep 
mudflats (65%) were important during seasons two and three of the sec-
ond year, respectively.
Juvenile Lutjanus fulviflamma showed significant interactions between 
habitat and season or year, respectively (Table 2). Main habitats used were 
mangroves (100%) in season one and mangroves (55%) and shallow reefs 
(45%) in season two of year one, while using seagrass beds (66%) and man-
groves (34%) in season three, and seagrass (49%) and mangrove (23%) in 
season three and four of year one (Figure 5c, Table 3c). In contrast, mainly 
mangroves (36–44%) and seagrass beds (56-64%) were used across seasons 
in year two. Adults were predominantly recorded on deep reefs (range: 
73–89%) in both years, and no interaction was present between habitat and 
season or year, respectively.
Siganus sutor consistently used seagrass beds (> 90%) as a juvenile 
habitat across all seasons and years (Figure 5d, Table 3c). In contrast, sig-
nificant effects of season and year were found for adults where deep reefs 
(range: 53–93%) were the main habitat during seasons one, three and four 
of year one and season two of year two, shallow reefs (range: 47–71%) dur-
ing season three in both years, and seagrass beds (range: 49–56%) during 
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Table 4 Overview of comparative habitat-use studies for Lethrinus harak, Lethrinus 
lentjan, Lutjanus fulviflamma, and Siganus sutor. The main juvenile or adult habitats 
were defined as those habitats in which the mean density of juveniles or adults 
was > 60% of the total juvenile or adult density. Habitat type: Br = back reef, Mg = 
mangrove, Mf = mudflat, Sf = sandflat, Sg = seagrass, Cr = coral reef, (-) = no habi-
tat indicated. Season: All = habitat use was analyzed based on pooled data across 
seasons, Dry = minimum or no rain, Wet = rainy season, Spr = spring, Sum = sum-
mer, Aut = autumn, none = no seasonal consideration. 
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aThese habitats were subdivided into mid-shelf, barrier and coastal seagrass and coral reef
bIncluded mangroves creeks and channels
cThe juvenile size class included larger individuals (13-19.5 cm) which were defined as adults in the present study
dSampling was done during two months only limiting seasonal analysis of habitat use
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season two of year one and season one of year two.
DISCUSSION
This study provides support for the presence of ontogenetic shifts in 
habitat use for all four selected coral reef fish species. Several other stud-
ies have shown mangrove/seagrass-associated reef fish to exhibit ontoge-
netic habitat shifts from shallow- to deep-water habitats (e.g., Dahlgren 
and Eggleston, 2001; Nakamura and Tsuchiya, 2008). However, most of 
these studies often did not separate the different size classes and were 
conducted during a few months, especially around peak recruitment, and 
only in a few habitats (mangroves or seagrass beds with or without coral 
reefs, see Table 4; Nakamura and Sano, 2004; Lecchini and Galzin, 2005; 
Nakamura and Tsuchiya, 2008). In the present study, ontogenetic habitat 
use was studied for a period of almost two years at two spatially (> 40 km) 
separated locations in six habitat types (seagrass beds, mangroves, shal-
low and deep mudflats, shallow and deep coral reefs) that covered the 
complete coastal seascape that was available as effective habitat for reef 
fishes. Overall, high relative densities of juveniles of all four study spe-
cies were observed in shallow-water habitats (seagrass, mangroves, and 
shallow reefs and mud flats), whereas adults were predominantly found 
in deep-water habitats (deep reefs and mudflats). Detailed analysis of the 
data revealed significant spatial, seasonal and inter-annual variability in 
habitat-use patterns for these species, underlining the difficulty of general-
izing habitat use in such complex seascapes by fish species in different life 
stages.
Juvenile Lethrinus harak showed significant differences in habitat use 
across locations, seasons and years, but seagrass remained the principle 
juvenile habitat. This coincides with a number of other studies, although 
in some areas mangroves formed the main juvenile habitat (Table 4). In 
contrast to other studies, which had a more limited scope and that identi-
fied coral reefs as the main adult habitat (Table 4), adults showed a highly 
variable spatial and temporal habitat use pattern in the current study. Nev-
ertheless, this always resulted in a difference between juvenile and adult 
habitat types, except at the islands near Kunduchi where the two were 
similar (i.e., seagrass beds, shallow mudflats, as well as shallow reefs). The 
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latter is a clear example of how pooling of spatial data can mask lack of on-
togenetic habitat shift patterns by species at certain locations. The overlap 
in habitat use by juveniles and adults at the two islands near Kunduchi 
is likely caused by the fact that (1) these habitats were relatively small 
in surface area and directly bordered one another, creating edge effects 
(Dorenbosch et al., 2005b), and (2) other habitat types were not present 
at the islands which were separated from other locations by surrounding 
deep waters. This shows how seascape structure (i.e. availability and size 
of habitat types within a depth-restricted and isolated island environment) 
could drive differential habitat use by adults, in this specific case leading 
to an overlap between juvenile and adult habitats. Such variability can lead 
to different conclusions on ontogenetic habitat use and shifts.
Comparable to Lethrinus harak, seagrass beds were the principle habi-
tat for juvenile L. lentjan in time and space, whereas the adults showed 
a more variable pattern. Even though there were significant habitat x lo-
cation interactions, a general pattern emerged that suggested ontogenetic 
shifts in habitat use from seagrass beds (along-shore or island) to deep 
reefs and/or mudflats at all locations and in all seasons and years. Studies 
have shown that also mangroves and subtidal mudflats can act as princi-
pal juvenile habitats (Table 4). Interestingly, juvenile L. lentjan were not ob-
served at all on the along-shore seagrass beds at Kunduchi, showing that 
even at relatively small spatial scales (i.e., approximately 3 km distance 
between the island and along-shore seagrass beds) large differences can be 
present among seagrass beds. At the islands near Kunduchi, adults were 
partly observed in shallow-water habitats (i.e., just like L. harak in seagrass 
beds and shallow coral reefs, but also on shallow mud flats), which is likely 
caused by the island seascape structure as discussed above.
Lutjanus fulviflamma used seagrass beds and mangroves as their 
principal juvenile habitats. However, significant interactions were present 
with season and year, as in some seasons of either year relative densities 
were highest in either mangroves or seagrass beds, suggesting flexibility 
in habitat use. In contrast to juvenile L. lentjan that only occurred on the 
islands’ seagrass beds, juvenile L. fulviflamma occurred almost only on the 
along-shore seagrass beds at Kunduchi, showing how two species that use 
similar juvenile habitat can show significant segregation between seagrass 
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habitats on small spatial scales of approximately 3 km distance. On Zan-
zibar, Lugendo et al. (2005) showed that juvenile L. fulviflamma occurred 
abundantly in mangroves, mud/sand flats as well as seagrass beds, while 
other studies have reported juvenile L. fulviflamma in mangroves or sea-
grass beds (Table 4). Although it is difficult to understand the ecological 
processes that cause these different patterns across studies, this variability 
supports the notion that spatial effects are important to consider in such 
studies. In any case it shows that no single shallow-water habitat is obligate 
for juvenile L. fulviflamma. This does not implicate, however, that some of 
these habitats may be more optimal juvenile habitats in terms of growth 
and survival. L. fulviflamma was the only species here that was observed 
abundantly in the mangroves. This is similar to the results of Lugendo et 
al. (2007b) in Zanzibar and suggests that the mangroves are not suitable 
juvenile habitats during the rainy season. This is probably due to physi-
ological stress caused by reduced salinities and high turbidity during the 
rainy seasons (Cyrus and Blaber, 1987; Lugendo et al., 2007b). In addition, 
L. fulviflamma is a visual feeder (Kamukuru and Mgaya, 2004; Lugendo et 
al., 2006), and because turbidity reduces visual foraging efficiency during 
the rainy season juveniles may move into the adjacent seagrass beds which 
are less turbid (Lugendo et al., 2007b). Adults of L. fulviflamma were con-
sistently found on deep reefs at both locations in all seasons of both years 
implying that the coral reef is an obligate or preferred habitat for this spe-
cies (Dorenbosch et al., 2005b; Table 4). 
Siganus sutor used primarily seagrass bed as a juvenile habitat and 
this pattern was consistent both in space and time. A significant interac-
tion between habitat and location was caused by the fact that at Kunduchi 
juveniles were abundantly found at along-shore as well as the islands’ sea-
grass beds, which is comparable to L. harak but in contrast to L. lentjan 
and L. fulviflamma. This study did not record any juvenile S. sutor in the 
mangroves despite the fact that they are known to occur there (Laroche et 
al., 1997; Lugendo et al., 2005), especially during the dry season (Lugendo 
et al., 2007b; Mwandya et al., 2009). Adults were on average mainly found 
on the coral reef, but this pattern differed on both spatial and temporal 
scales. At Kunduchi, adults were found mainly on seagrass beds whereas 
at Mbegani they were only observed on shallow and deep reefs. A similar 
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dichotomy was seen across seasons/years. This is another example of how 
ontogenetic habitat use patterns can vary at different spatial and temporal 
scales, and are masked when locations or seasons are pooled. Comparable 
to L. harak and L. lentjan, it is likely that also for S. sutor the seascape struc-
ture of the islands at Kunduchi was responsible for many adults remaining 
in their juvenile habitat. However, a pattern that was consistently present 
was that of increasing relative abundance on deep reefs with increasing 
fish size, such as also observed for other siganids (Mellin et al., 2007; Naka-
mura and Tsuchiya, 2008; Table 4).
Several studies have reported ontogenetic habitat shifts in coral reef 
fishes, commonly from shallow-water juvenile habitats to adult coral reef 
or offshore habitats (see reviews by Gillanders et al., 2003; Nagelkerken, 
2009). The habitat-use data presented in the current study suggest pres-
ence of movement from shallow-water (mangroves, seagrass beds, shal-
low mudflats, or shallow reefs) to deep-water (mudflats and coral reefs) 
habitats, supporting the generality of ontogenetic habitat shifts by some 
species of coral reef fish. Although the reasons for these shifts and the cues 
triggering them, especially from shallow-water to deep-water habitats, are 
still speculative, there seems to be an agreement that these uni-directional 
life-cycle movements occur to meet changing physiological and dietary 
requirements (e.g., Pittman and McAlpine, 2001; Haywood and Kenyon, 
2009), such as spawning (e.g., Sheaves, 1995) or size-specific diet shifts 
(McCormick and Makey, 1997; Cocheret de la Morinière et al., 2003; Hast-
ings and Galland, 2010). Sheaves (1995) argued that the offshore spawning 
behavior (as a trigger for offshore migration) may be caused by unviability 
of sperm and ova in the extreme physical conditions prevalent in estuar-
ies and that offshore migration may represent a mechanism for increasing 
genetic mixing; an alternative explanation, however, would be the need to 
have maximum dispersal success.
Although most species showed use of a predominant juvenile habi-
tat, other habitats were also utilized to some degree, either in the same 
area, or at other locations or during different seasons/years. The degree 
to which alternative habitats were used differed among species, life stages, 
and locations, but supports the notion that fishes can show subtle to major 
flexibility in ontogenetic habitat use. Explanations for spatial and seasonal 
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differences in relative habitat use by juveniles include differences in habi-
tat quality and structu66ral complexity, temporal variability in settlement 
rates, and differential survival rates across habitats (Victor, 1986; Doherty, 
2002; Chittaro, 2004; Bergenius et al., 2005; Verweij et al., 2006). For ex-
ample, Mellin et al. (2007) found seasonal habitat use patterns that varied 
both at small and large spatial scales and related these to survival-related 
movements. Unlike many studies where conclusions on habitat use were 
ambiguous due to the restricted selection of habitats studied (see e.g. Table 
4), the current study documented usage of all major habitat types that were 
available and the degree to which spatial and temporal variability affect 
these patterns throughout ontogeny. This study therefore is an important 
addition to the few ontogenetic habitat use studies available today, and of 
importance for identifying essential fish habitat through ontogeny.
CONCLUSIONS
The current study suggests that overall habitat use patterns can be 
misleading especially when fish size and density distributions change in 
time and space. The study shows that both spatial and temporal patterns 
in habitat use need to be considered for the entire range of fish size classes 
and for all effective juvenile and adult habitats for the interpretation of on-
togenetic habitat utilization by fish. This is particularly important for con-
servation and management of these habitats, as habitats may be ignored or 
over-emphasized with respect to their importance for fish. 
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ABSTRACT
Demography of fish populations provides useful information on 
ecological processes affecting fish populations in their habitats. Never-
theless, demographic parameters have rarely been used to understand 
population structure of mangrove/seagrass-utilizing fish species. The 
current study used size-frequency data of various fish species from man-
grove and seagrass habitats collected over a period of more than 2 years 
to understand demographic structure and degree of population variability 
along with potential ecological factors that structure this variability. Fish 
demographic parameters were predominantly skewed towards juveniles, 
although larger-sized fish could be common in some mangroves or sea-
grass beds. Mangrove and seagrass habitats are apparently not transient 
habitats for size-structured fish populations alone as previously thought, 
but can harbor individuals for extended periods. Furthermore, habitats 
varied substantially in prey abundance, an effect that appeared to generate 
functional variations in fish growth rates. Finally, the size structure of fish 
populations was significantly related to seascape structure, including wa-
ter depth suggesting non-linear variations exist in secondary production 
and biomass turnover rates across spatial and temporal scales. Ecologi-
cal processes such as predation risk and foraging success/food availability 
are hypothesized as the core factors underpinning fish population dynam-
ics in putative nursery habitats.
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 INTRODUCTION
Most reef fish species have two life stages – a pelagic larval, and a 
demersal juvenile and adult stage (Doherty, 2002). Larvae often settle into 
specific juvenile habitats and the settlement of individuals plays a key role 
in determining adult population abundance and dynamics (Booth and Be-
retta, 1994; Doherty and Fowler, 1994). However, the importance of larval 
supply versus other biotic or environmental variables that occur during 
or after settlement has been a long-standing debate (Doherty, 1991; Jones, 
1991; Doherty and Fowler, 1994; Armsworth, 2000; Steele and Forrester, 
2002). Both density-dependent and density-independent factors are either 
singly or synergistically important in regulating reef fish populations (see 
reviews by Doherty, 2002; Hixon and Webster, 2002), and competition, 
predation and post-settlement movement among habitats further modify 
demographic patterns established at settlement.
Tropical shallow-water habitats are widely acknowledged as critical 
settlement and juvenile habitats for myriad coral reef fish species, many of 
which are commercially important (Chong et al., 1990; Nagelkerken and 
van der Velde, 2002; Beck et al., 2003; Bloomfield and Gillanders, 2005). 
These habitats are referred to as “nurseries” and harbor high densities of 
juveniles (Parrish, 1989; Nagelkerken et al., 2000; Nagelkerken et al., 2002) 
presumably as a product of lowered predation risk (Blaber, 1980; Paterson 
and Whitfield, 2000; Laegdsgaard and Johnson, 2001) and increased food 
abundance compared to the adult habitat (Robertson and Blaber, 1992; 
Verweij et al., 2006; Grol et al., 2008). However, contradictory evidence ex-
ists in some systems that predation risk is not lowered (Baker and Sheaves, 
2009a, b; Dorenbosch et al., 2009) and food availability not increased in 
nursery habitats of some ecosystems (Grol et al., 2008). Degradation, loss, 
and fragmentation of any of these habitats (e.g., Valiela et al., 2001; Gil-
landers, 2006) pose a threat to the recruitment, persistence and sustainabil-
ity of coastal fish populations (Gibson, 1994; Pihl et al., 2005).
Support for the nursery function hypothesis in nearshore habitats 
has been primarily based on the high juvenile densities found in these hab-
itats (see reviews by Blaber, 2000; Nagelkerken, 2009a). However, the pres-
ence or absence of juveniles in a habitat does not necessarily indicate that 
this habitat is essential for the life cycle of the species (Tupper and Boutilier, 
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1995; Rypel and Bayne, 2009). This is particularly true if the contribution 
of this habitat to the secondary production in the adult population is mini-
mal (Beck et al., 2001; Dahlgren et al., 2006). In other words, some juvenile 
habitats are ecological sinks (Mangel et al., 2006) rather than recruitment 
sources to the adult stock.
Although various mangrove and seagrass ecosystems have been 
shown to subsidize adjacent reef fish populations (Nakamura et al., 2008; 
Verweij et al., 2008; Mateo et al., 2010) few studies have investigated effects 
of population variability within these nursery habitats. Mangroves and 
seagrass beds are dynamic environments with variable fish recruitment, 
survival, and movement, potentially leading to large and important dif-
ferences in population structure and dynamics among nurseries at various 
spatial and temporal scales. Consequently, it could be unfair to refer to all 
of these habitats in the nursery function sense, especially considering that 
in-depth studies on population demography in these habitats are generally 
lacking. Population size structure in nursery habitats could have profound 
effects on habitat productivity and the degree to which biomass is export-
ed to interlinked habitats (e.g., reefs) (Degraer et al., 2007).
The term “juvenile” has been used broadly to infer all post-settle-
ment life stages that are immature (Adams and Ebersole, 2009). However, 
juveniles consist of small, medium, and large individuals (e.g. (Mellin et al., 
2007), each with their own food and habitat requirements, unique growth 
rates, home ranges, competitive interactions, and susceptibility to preda-
tion (Kramer and Chapman, 1999; Adams and Ebersole, 2009; Lecchini and 
Poignonec, 2009). Different habitats may thus function differently for dif-
ferent size stages of juvenile fish. For example, early juveniles may pre-
fer structurally complex habitats that provide protection from predators 
(Auster et al., 1997; Dahlgren and Eggleston, 2001) while large juveniles 
may shift to habitats supporting rapid growth that lack predation refu-
gia (Dahlgren and Eggleston, 2000). Such shifts in habitat during ontogeny 
could have profound demographic effects on juvenile and adult popula-
tions.
Furthermore, although mangroves and seagrass beds are considered 
juvenile habitats, they sometimes harbor adult stages of certain species. 
For example, juveniles and adults of the coral reef fish Lethrinus harak use 
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seagrass beds (Nakamura and Sano, 2004; Dorenbosch et al., 2006b; Naka-
mura and Tsuchiya, 2008; Kimirei et al., 2011) and mangroves (Unsworth 
et al., 2009) as important habitats. Likewise, juvenile and non-gravid adult 
Lutjanus griseus in Florida, U.S.A. are common in mangroves located ad-
jacent to coral reefs (Faunce and Serafy, 2007) while reproductively active 
fish are found mainly on reefs.
Larval supply (Booth and Beretta, 1994; Doherty, 2002) and process-
es affecting the transition from larvae to juvenile, and early periods of the 
juvenile stage, have important implications for population demographics 
and regulation (Adams and Ebersole, 2009). Considering the patchy na-
ture of settlement (Doherty, 1991), population demography of putative set-
tlement and juvenile habitats at well-defined spatial and temporal scales is 
an important factor to consider. Demographic patterns in nursery habitats 
may mirror the dynamics of adult populations on adjacent reefs and other 
deep water adult habitats. Currently, there is an almost complete lack of 
detailed knowledge on reef fish demography and the spatial and temporal 
variability therein for tropical inshore coastal habitats.
Population demography is concerned with population structure and 
dynamics (Hixon et al., 2002). Yet previous studies of coral reef fish pop-
ulation demography are disproportionally based on relatively few taxo-
nomic groups (Pomacentridae, Chaetodontidae, Labridae and Gobiidae), 
most of which are habitat specialists (Hixon and Webster, 2002). There is 
almost a complete lack of demographic parameters as measures of popula-
tion structure for mangrove- and/or seagrass-utilizing fish species.
The current study evaluates demographic parameters (frequency 
distribution, mean, skewness, kurtosis, and mode) and length-at-age data 
to study size structure and growth of four economically and ecologically 
relevant fish species, Lethrinus harak, Lethrinus lentjan, Lutjanus fulviflamma, 
and Siganus sutor, among different coastal habitats in Tanzania. The study 
uses density data collected over a period of more than 2 yrs to understand 
the degree of population stability and to elucidate differences in growth 
rates among different juvenile habitats, to test their correlation with vari-
ous biotic and environmental variables. This information is particularly 
relevant for understanding ecological processes affecting these ecosystems, 
along with improving conservation and management initiatives for adult 
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fish populations on coral reefs.
MATERIALS AND METHODS
Study area
 The study was conducted in Mbegani and Kunduchi, Tanzania (Fig-
ure 1). There are two rain seasons, i.e. October–December and March–May, 
with the heaviest rainfall occurring in the latter. The rest of the year is char-
acterized by dry spells although a minor rainfall peak occurs consistently 
during January–February (Kimirei et al., 2011). 
The mangroves at Mbegani are non-estuarine and situated at the 
mouth of an embayment (Figure 1a). Sonneratia alba is the most dominant 
mangrove species at the seaward side of the forest into which the study 
was done. The sites were located along a tidal channel which is seasonally 
fed by an intermittent river. Sampling was done in the S. alba root zone 
during high tide when water levels were approximately 1.5 m high.
The seagrass bed at Mbegani was located close to the entrance of 
the embayment (Figure 1a). The intertidal zone is represented by various 
seagrass species but T. hemprichii forms > 60% of the seagrass cover at this 
location. Sampling was done at approximately 2 m depth in T. hemprichii 
beds.
Two offshore fringing reefs were sampled at Mbegani (Figure 1a). At 
Mshingwi reef, massive coral colonies dominate the reef flat while at the 
drop-off there is a mix of Acropora spp., Turbinaria sp. and Porites sp.; the 
reef slope is dominated by Porites sp. and Montipora spp. Massive coral 
colonies and some species of mushroom corals dominate the reef base at 
14 m depth at the interface with the deep mudflat. At Kuni reef there is 
a dominance of Porites sp. at the reef slope and massive coral colonies at 
the reef base at 16 m depth, which is also followed by a deep mudflat. At 
each of these reefs, one shallow (< 5 m) and one deep (≥ 5 m) reef site was 
selected for the visual censuses. On the deep reef slope, transects were 
laid parallel, and spread out evenly along the depth gradient (5–14 m), to 
cover the entire reef slope at each site. On the reef flat (2–5 m), one or two 
transects were placed, at least 20 m apart and parallel to the reef. The deep 
mudflats were sampled, depending on the tide, between 14 and 18 m and 
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Table 1 Distribution parameters of density data for four fish species in six habitat 
categories (4 seagrass beds: Mbegani, Kunduchi, Mbudya, and Bongoyo; and 2 
mangroves: Mbegani and Kunduchi). For (a) total length and (b) age. Mean: mean 
density per 100 m-2; SD: standard deviation; Pnorm: probability that data are from 
a normal distribution (1-Sample Kolmogorov-Smirnov test using Lilliefors adjust-
ed probability); g1: skewness; g2: kurtosis; Mode length: mode of density based on 
length; Mode age: mode of density based on age; n: total number of individuals 
observed in the field; Sg = seagrass; Mg = mangrove
A
Species Habitat Site Mean SD g1 g2 Pnorm
Mode 
Length
n
L.
 h
ar
ak
Sg Mbegani 0.138 0.188 1.8 3.3 0.186 6 648
Kunduchi 0.007 0.008 1.2 0.4 0.113 5 22
Mbudya 0.028 0.076 4.0 16.9 0.003 21 217
Bongoyo 0.001 0.004 4.1 17.1 < 0.001 21 9
Mg Mbegani 0.004 0.005 1.7 2.9 0.082 12 26
Kunduchi 0.000 0.001 3.0 7.6 < 0.001 8 2
L.
 le
nt
ja
n
Sg Mbegani 0.050 0.064 1.2 0.3 0.219 5 234
Kunduchi 0.003 0.006 1.9 2.6 0.001 5 10
Mbudya 0.111 0.157 1.7 2.4 0.108 5 849
Bongoyo 0.040 0.057 1.7 1.9 0.065 5 295
Mg Mbegani 0.002 0.003 1.7 2.1 0.003 6 11
Kunduchi 0.000 0.002 4.6 21.0 < 0.001 8 2
L
. f
ul
vi
fl
am
m
a Sg Mbegani 0.094 0.149 1.7 2.2 0.030 5 444
Kunduchi 0.043 0.067 2.2 5.6 0.110 5 127
Mbudya 0.013 0.018 1.3 0.4 0.071 21 98
Bongoyo 0.000 0.001 3.5 12.6 < 0.001 7 3
Mg Mbegani 0.038 0.046 1.2 0.4 0.100 10 271
Kunduchi 0.096 0.106 0.8 -0.8 0.252 10 367
S.
 s
ut
or
Sg Mbegani 0.401 0.660 2.5 6.7 0.090 3 1887
Kunduchi 6.397 15.484 3.2 11.3 0.009 3 21492
Mbudya 0.499 0.609 1.8 2.9 0.086 5 3838
Bongoyo 0.397 0.589 3.7 15.6 0.077 2 2958
Mg Kunduchi 0.009 0.027 3.5 12.9 0.001 13 28
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16 m and 19 m at Mshingwi and Kuni reefs, respectively.
The mangrove forest at Kunduchi is dominated by Sonneratia alba 
along the sides of the Manyema creek (Figure 1b). Freshwater input is only 
substantial during heavy rainfall. Visual census was conducted in the S. 
alba root zone during high tide at water levels of approximately 1.5 m.
Along the Kunduchi coastline a large seagrass bed dominates the 
underwater environment at 0.5–5 m depth, depending on the tides. The 
diversity of seagrass species at Kunduchi resembles that of the intertidal 
at Mbegani. Sampling was conducted at 2.5–3 m depth on an extensive 
Thalassia hemprichii bed.
At 1.5–3 km offshore the Kunduchi coastline three islands occur 
which are fringed by coral reefs and seagrass beds and which are separat-
ed from the mainland shelf by a 15 m deep channel running almost parallel 
to the coastline (Figure 1b). The vertical gradient of habitats on the islands 
B
Species Habitat Site Mean SD g1 g2 Pnorm
Mode 
Age n
L.
 h
ar
ak
Sg Mbegani 2.95 1.59 2.1 3.9 0.054 2 648
Kunduchi 3.67 2.20 1.6 2.5 0.240 2 22
Mbudya 3.84 1.90 3.1 10.2 0.085 7.5 217
Bongoyo 6.73 0.00 2.7 7.0 0.002 7.5 9
Mg Mbegani 4.23 1.93 2.3 4.1 0.259 4 26
Kunduchi 2.44 0.29 1.4 1.0 0.003 3 2
L.
 le
nt
ja
n Sg Mbegani 3.19 1.56 2.5 6.1 0.013 2 234
Kunduchi 3.00 1.47 2.3 4.9 0.001 2 10
Mbudya 3.85 2.39 2.7 7.2 0.022 2 849
Bongoyo 3.85 2.39 2.6 6.1 0.009 2 295
L
. f
ul
vi
fl
am
m
a Sg Mbegani 2.61 1.39 2.2 3.8 0.004 2 444
Kunduchi 2.55 1.26 3.1 10.5 0.034 1.5 127
Mbudya 6.23 2.53 1.1 0.2 0.160 6 98
Bongoyo 1.86 0.00 4.4 19.0 < 0.001 2 3
Mg Mbegani 4.30 2.75 1.7 1.7 0.017 1.5 271
Kunduchi 4.38 3.64 1.5 0.6 0.006 2 367
S.
 s
ut
or
 Sg Mbegani 1.647 0.564 1.5 0.7 0.378 1.5 1887
Kunduchi 1.392 0.460 1.9 2.9 0.087 1 21492
Mbudya 2.132 0.889 2.3 5.6 0.607 1.5 3838
Bongoyo 2.071 0.907 0.8 -0.9 0.651 1 2958
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is: a shallow seagrass bed consisting of mixed species (0–2 m depth), a shal-
low fringing coral reef (2–4 m depth), a shallow mud flat at around 4 m 
depth and approximately 5 m in width, and a deeper seagrass bed (4–10 m 
depth) dominated (> 60% cover) by Thalassia hemprichii. The shallow reefs, 
shallow mud flats and deeper seagrass beds were sampled at Bongoyo and 
Mbudya Islands.
Deep mud flats and coral reefs were sampled on two offshore reefs in 
the Kunduchi area (Figure 1b). ‘Far reef’ is a completely submerged patch 
reef at 15–20 m which is approximately 150—500 m in width and length, 
followed by mudflats at greater depths. Massive coral colonies and a vari-
ety of soft corals dominate this reef, with about 70% coral cover. ‘Gold reef’ 
is also a submerged patch reef, located at 17–20 m deep and about 50—150 
in size, with a mudflat at greater depths.
Sampling design
Density and size (TL, total length in cm) estimations of four com-
mercially important coral reef fish species (Lethrinus harak, L. lentjan, Lu-
tjanus fulviflamma, and Siganus sutor) were accomplished in four habitat 
types (mangrove, seagrass, coral reef, and mudflat), during daytime, using 
underwater visual census (UVC) with SCUBA-diving and/or snorkeling 
gear. The advantages and disadvantages of this method are presented in 
(English et al., 1994). In order to minimize the disturbance to the fish popu-
lation, divers swam transects at a speed not more than 10 m/min and un-
rolled the transect line while estimating sizes and counting all target fish 
species encountered.
Fish size and density estimations, and species recognition were first 
practiced thoroughly in the field prior to census commencement. Size esti-
mation was practiced by estimating sizes of objects (of different sizes at dif-
ferent distances) underwater and measuring actual sizes following estima-
tion; this was continued until size estimation was precise. Size estimation 
was also repeated regularly during the study period so as to eliminate any 
discrepancy in estimation over time. Multiple, spatially separated (> 30 m), 
permanent belt transects (4 x 50 m) were placed in each of the four habitat 
types. Sites were relocated using a GPS (Map 60, Garmin). A minimum of 
three transects were sampled per site in any of the mangrove, deep coral 
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reefs and nearshore seagrass beds, while on Mbudya and Bongoyo islands, 
one or two transects per habitat per site were sampled. All censuses were 
performed during neap tide, over 25 successive months (March 2007—
March 2009). Snorkelling was used to survey shallow seagrass, at Mbudya 
and Bongoyo Islands, and in the mangroves at Kunduchi and Mbegani, 
while SCUBA diving was used in all other habitats. 
Individuals of the four fish species were collected from three differ-
ent habitats using beach seine nets (mangrove, seagrass) and spear guns 
(coral reefs). Otolith sagittae were removed from each fish and used to 
estimate the age of each fish. Each otolith was cross-sectioned using stand-
ard methodology (Maceina, 1988) and examined under a dissecting mi-
croscope utilizing reflected light. Ages were determined blindly (i.e., with 
no knowledge of the sample number or fish size) twice by an experienced 
reader, and disagreements between reads one and two (4% of all samples) 
were settled using another experienced reader. 
Data analysis
Each fish was split into one of three size classes: small (≤ 10 cm; ju-
venile), medium (10 < TL ≤ 15 cm; maturing) and large (> 15 cm; mature). 
A study on maturation of the four species in the same study area (Kimirei 
et al. in prep), revealed that the mean TLs at which 50% of the individuals 
are mature was 17 cm (Lethrinus harak), 15 cm (L. lentjan), 16.5 cm (Lutjanus 
fulviflamma), and 16 cm (Siganus sutor). These groupings were then used 
to assess overall habitat use. To achieve this, all fish densities were pooled 
Table 2 Mean (SD) values of various environmental and biological factors in the 
different mangrove and seagrass habitats. M = Mbegabi, K = Kunduchi, Mb = 
Mbudya, Bo = Bongoyo
Site Temp Salinity Water clarity Depth Food
(°C) (‰) (m) (m) (Ind.m-2)
Mangrove M 29.4 (2.7) 33.9 (1.6) 3.2 (1.1) 1.2 (0.3) 192.7 (1)
Mangrove K 29.8 (2.3) 33.8 (1.2) 2.1 (0.2) 1.3 (0.4) 103.3 (1)
Seagrass M 28.3 (1.8) 33.7 (1.1) 6.6 (0.7) 2.1 (0.7) 8.0 (1)
Seagrass K 28.3 (1.3) 35.7 (2.6) 3.7 (1.5) 3.0 (2.4) 320.0 (1)
Seagrass Mb 28.4 (1.4) 34.3 (0.8) 7.2 (0.9) 5.5 (0.7) 260.0 (1)
Seagrass Bo 28.4 (1.4) 34.2 (2.1) 7.5 (1.9) 5.5 (1.2) 60.7 (1)
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across sites and locations, months and years per species and habitats. Sin-
gle factor ANOVA was used to test for significance in habitat use per size 
group for all species. These data were first tested for homogeneity of vari-
ance using Levene’s test and accomplished then log (x+1) transformed to 
reduce heterogeneity. Multiple comparisons were using Games-Howell 
post-hoc tests because variances were heterogeneous, even following log 
transformations.
To estimate demographic structure (based on length and age data), 
average densities per species, 1-cm size and 0.5-age classes, habitat, and 
location were computed across months and years, and used for density-
frequency distribution analysis. Fish sizes (TL, cm) were converted into 
age using equations derived from age–length regressions from age data 
specific to species and habitats (Kimirei et al., in prep.) Demographic shape 
parameters (mean, standard deviation, mode, skewness, kurtosis, and the 
probability that data were normally distributed) were computed. Densi-
ty-frequency distributions were compared to a normal distribution and 
to one another using 1-sample Kolmogorov-Smirnov tests and 2-sample 
Kolmogorov-Smirnov tests, respectively. In total, there were 15 density-
frequencies comparisons per species, with a Bonferroni correction for the 
2-sample Kolmogorov-Smirnov tests.
Based on density-frequency distributions, habitats where small-
sized individuals were most dominant (i.e., seagrass beds and mangroves) 
were consecutively used to study population growth. Three seagrass beds 
(Mbegani, Mbudya and Bongoyo) and one mangrove (Mbegani) were cho-
sen for this analysis. Modal progression analysis was used to decompose 
monthly length-frequency distributions into separate cohorts using Bhat-
tacharya’s method, assuming normal distribution of individual fish sizes 
per cohort (Sparre and Vanema, 1998; Gayanilo et al., 2005). Mean lengths 
produced by the Bhattacharya method were used to generate Length-At-
Age (LAA) data using the linking of means procedure. All calculations 
were performed using the FAO-ICLARM Stock Assessment Tool (FiSAT 
II) (Gayanilo et al., 2005). The LAA data generated were plotted per species 
per habitat and fitted with an exponential function to compare the growth 
curves among different habitats. Significant differences among slopes of 
the lines were tested with ANCOVA. The data for Lethrinus lentjan were 
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log (x+1) transformed before the ANCOVA test was performed to reduce 
heterogeneity of variance. Pairwise comparisons were accomplished using 
a Bonferroni correction.
Seasonal variations in total fish densities per species for mangrove 
and seagrass habitats were computed per species, habitat, month and year. 
Absolute changes in total density per species and habitat were calculated 
as a difference in density during two consecutive months. The latter data 
were averaged and used to make box plots which were then used to ana-
lyze temporal dynamics of small individuals of the different fish species 
in four different habitat categories (seagrass Mbegani, seagrass Mbudya, 
seagrass Bongoyo, and mangrove Mbegani). Differences in habitat use per 
month and year were tested using factorial ANOVA with habitat, month 
and year as fixed factors. All statistical analyses were performed using 
SPSS 16 for Windows (Field, 2005).
Figure 2: Mean density of small (juvenile), medium (maturing), and large (ma-
ture) individuals of four fish species in all major coastal habitats in the study 
area. Different letters indicate significant differences among habitats for each of 
the three size classes (see text for details)
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To study the relationship between ecological factors and the size-
frequency distributions of fishes in mangroves and the seagrass beds, Prin-
cipal Component Analysis (PCA) was used. PCA was carried out on fre-
quencies of size classes (see Fig. 3) using the ordination program Canoco 
4.0 (ter Braak and Smilauer, 1998). Scaling was focused on inter-species 
correlations, species scores were divided by the standard deviation, and 
the data were centered by species. An indirect gradient analysis within 
PCA was used (ter Braak and Smilauer 1998) to calculate correlations be-
tween the four PCA-axes and all measured environmental and biotic fac-
tors. The former consisted of seawater temperature, salinity, water clarity 
and sampling depth, while the latter consisted of total density of available 
prey items. These data were collected in the same habitats and time period 
as the current study by Kimirei et al. (in prep). Only prey items for zooben-
thivorous fishes were quantified and for the current study this consisted of 
summed density of all worms, amphipods, crabs and shrimps counted in 
replicate 50 x 50 cm quadrats per habitat.
RESULTS
Overall habitat use
Small-sized Lethrinus harak were most abundant in seagrass beds 
(multiple Games-Howell tests, p < 0.029; Fig. 2a). However, medium-sizes 
individuals did not show significantly different densities among habitats 
(1-way ANOVA, F(5,129) = 1.878, p = 0.103). Large L. harak were significantly 
more abundant on the shallow mudflat, deep mudflat, and shallow and 
deep coral reef than in the seagrass beds (Games-Howell tests, p < 0.049), 
while all habitats harbored significantly higher densities than the man-
groves (p < 0.001). Likewise, Lethrinus lentjan showed highest densities of 
small individuals in seagrass beds (multiple Games-Howell tests, p < 0.001, 
Fig. 2b). Medium-sized L. lentjan were significantly more abundant in sea-
grass beds, deep reefs and deep mudflats than in the other habitats (p < 
0.001), and large individuals showed higher densities on deep reefs and 
deep mudflats than in the other habitats (p < 0.018).
Small-sized Lutjanus fulviflamma were significantly more abundant in 
mangroves and seagrass beds than in the other habitats (multiple Games-
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Howell tests, p < 0.014, Fig. 2c). Medium-sized L. fulviflamma had signifi-
cantly higher densities in mangroves and on deep reefs compared to the 
other habitats (p < 0.038), while large individuals were significantly more 
abundant on deep reefs (p < 0.001) and shallow reefs (p < 0.005) compared 
to other habitats.
Small-sized Siganus sutor were more abundant in seagrass beds 
(multiple Games-Howell tests, p < 0.001, Fig. 2d) than in other habitats, 
but were not recorded on shallow or deep mudflats. Medium-sized S. sutor 
were significantly more abundant on seagrass beds than in other habitats 
(p < 0.001), and more abundant on shallow and deep reefs than in man-
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Figure 3: Frequency distributions (on basis of total length) of four fish spe-
cies from two main juvenile habitats (seagrass bed and mangroves) from two 
spatially separated locations (Mbegani and Kunduchi). Note different scales 
on the vertical axes. Letters between brackets show significant differences in 
the shape of the distributions among the various habitats for each fish species, 
based on 2-sample Kolmogorov-Smirnov tests and a Bonferroni correction. SgM 
= seagrass bed Mbegani, SgK = seagrass bed Kunduchi, SgMb = seagrass bed 
Mbudya, SgBo = seagrass bed Bongoyo, MgM = mangroves Mbegani, MgK = 
mangrove Kunduch
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groves and on mudflats (p < 0.031). Large individuals were more promi-
nent on shallow and deep reefs than in the other habitats (p < 0.037), and 
more abundant on seagrass beds than in mangroves and on mudflats (p < 
0.027). 
Demographic structure
Thirteen of the 23 (57%) density-frequency distributions and only 9 
of the 20 (45%) age-frequency distributions followed a normal distribution 
(Table 1). Skewness (g1), a parameter that describes symmetry around the 
mean of a frequency distribution, was positive for all 23 and 20 cases for 
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Figure 4: Frequency distributions (on basis of age, in 0.5 yr increments) of four 
fish species from two main juvenile habitats (seagrass bed and mangroves) 
from two spatially separated locations (Mbegani and Kunduchi). Note different 
scales on the vertical axes. Letters between brackets show significant differences 
in the shape of the distributions among the various habitats for each fish species, 
based on 2-sample Kolmogorov-Smirnov tests and a Bonferroni correction. SgM 
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Mbudya, SgBo = seagrass bed Bongoyo, MgM = mangroves Mbegani, MgK = 
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Chapter 3
80
length and age, respectively, meaning that the distributions were asym-
metrical around the mean, in favor of small and young individuals (Table 
1). Kurtosis (g2) is a parameter which describes the peakedness of a dis-
tribution near its central mode. Distributions with g2 > 0 are considered 
peaked and are termed leptokurtic. On the other hand, distributions with 
g2 < 0 are considered flat-topped and termed platykurtic. All distributions 
were peaked (leptokurtic) except for the density distribution of Lutjanus 
fulviflamma in the mangroves at Kunduchi (Fig. 3c) and the age distribu-
tion of Siganus sutor in the seagrass beds at Bongoyo (Fig. 4d). Some spe-
cies showed extreme peakedness in some habitats, as revealed by the high 
kurtosis values, which can be partly explained by recruitment peaks. The 
population structure of all four species was dominated by small individu-
als (18 of 23 modes ≤ 10 cm TL). The mode for age varied largely between 
1 and 4 years (Table 1b), although some individuals stayed in the seagrass 
beds up to an age of 11 yrs and in mangroves up to 13 yrs (Fig. 4).
Size-frequency distributions revealed variations among habitats in 
size modes (Figs. 3 & 4). Differences were generally caused by distribu-
tions being skewed either towards the smaller or towards the larger size 
and age classes. In addition, some habitats at some sites harbored a wide 
range of fish sizes and ages, while others were only represented by few 
size or age classes.
Correlations with environmental and biotic variables
Habitat differences in demographic structure showed strong correla-
tions with ecological factors (Supplementary Fig. 1). The first two axes of 
a Principal Component Analysis (PCA) separated Lethrinus harak densities 
on the seagrass beds of Mbudya/Bongoyo from those in the mangroves 
of Kunduchi from those in the remaining habitats. The dissimilarity in 
size frequency distribution was strongly correlated to temperature, wa-
ter depth and water clarity: largest fish were only found at the seagrass 
beds of Mbudya and Bongoyo which were located at greater water depths 
with high clarity, while water temperature was highest in the mangroves 
of Kunduchi (Table 2).
PCA separated Lethrinus lentjan densities on seagrass beds and man-
groves of Kunduchi from those in the remaining habitats; the occurrence of 
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Figure 5: Mean total fish density (+ Standard Error) for the four fish species, 
and water clarity (+ Standard Deviation), salinity, and temperature in man-
grove and seagrass habitats during the study period (March 2007–March 2009). 
SgM = seagrass bed Mbegani, SgMb = seagrass bed Mbudya, SgBo = seagrass 
bed Bongoyo, MgM = mangroves Mbegani. X indicates missing data points, 
mainly site specific and caused by bad weather conditions. Seagrass beds and 
mangroves at Kunduchi were not included because of large gaps in data due 
to poor visibility caused by oceanographic and weather conditions. Figs. 5e-g: 
clear bars represent mangroves at Mbegani, hatched bars represent the mean 
values for the three seagrass beds
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fish in the former two habitats showed strong correlations with food abun-
dance and/or salinity and temperature, respectively. Although seagrass 
beds of Mbudya and Bongoyo harbored a wide range of size classes, the 
largest size classes were only present in these two habitats.
Comparable to L. harak, the seagrass beds of Bongoyo and Mbudya 
were separated by the first and second PCA axes from the other habitats 
and were characterized by deeper and clearer waters. The two seagrass 
beds also showed dissimilarity amongst one another, with that of Mbudya 
being characterized by much higher food densities and dominated by larg-
er size classes of fish.
Figure 6: Box plots of mean change in total density (100 m-2) between consecu-
tive months of four fish species in mangrove and seagrass habitats. A box plot 
indicates the median (horizontal lines in boxes), mean (solid squares), inter-
quartile ranges (box height), 25 and 75 percentiles (whiskers), and 1 and 99 per-
centiles (dots and asterisks). SgM = seagrass bed Mbegani, SgMb = seagrass bed 
Mbudya, SgBo = seagrass bed Bongoyo, and MgM = mangroves Mbegani
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As observed in other species, PCA separation of sites was highly cor-
related to several environmental variables for Siganus sutor. Mangroves at 
Kunduchi were characterized by higher water temperatures, seagrass beds 
at Bongoyo by higher water clarity and deeper water, and the seagrass 
beds at Kunduchi by higher water salinities. The largest size classes were 
only found at the two deep seagrass beds of Mbudya and Bongoyo.
Seasonal habitat use
Densities of all four fish species showed highly significant effects of 
year, month and habitat, but with strong interactive effects (Table 3). Fish 
densities fluctuated highly across years, months, and habitats (Fig. 5), but 
elevated densities were generally observed during the wetter and warmer 
(i.e. NE monsoon) period of the year (November-May) (Fig. 5), probably 
resulting from recruitment. For three of the four species, densities were 
always highest in the seagrass beds of Mbudya and/or Mbegani, while the 
seagrass beds of Bongoyo only seemed to play an important role during 
Dec. 2008—Feb. 2009 for L. lentjan and S. sutor.
Lethrinus harak was more abundant in the seagrass bed at Mbegani 
than in any other habitat (Games-Howell test, p < 0.007; Fig. 5a), despite 
harboring lowest food abundances (Table 2). Densities of L. harak were 
highest during the wet/warm months, closely following the pattern of wa-
ter temperature and salinity (Figs. 5f and g). However, the variations were 
not significant (p > 0.123) except between March and July 2007 (p = 0.031) 
which might have caused the strong interactive effects observed (Table 3). 
Lethrinus lentjan was more abundant in the seagrass bed at Mbudya 
than at Bongoyo and mangroves at Mbegani (Games-Howell test, p < 0.001; 
Fig. 5b) but not with seagrass Mbegani (Games-Howell test, p = 0.343). The 
high fish density in the seagrass bed at Mbudya mirrored high food abun-
dance (Table 2). The dry season (June-September) had lower densities (p < 
0.034) than the wetter months (December and March–May). Lutjanus fulvi-
flamma densities were higher in the seagrass bed and mangroves at Mbe-
gani than in the seagrass beds at Mbudya and Bongoyo islands (Games-
Howell test, p < 0.047; Fig. 5c). There was a significant interaction between 
habitat and months (Table 3) but no significant monthly differences in 
densities (p > 0.082). The small peak recorded at Mbudya in March 2007 
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represents adult individuals.
Siganus sutor was recorded in all seagrass beds but never in the man-
groves at Mbegani (Fig. 5d). There was no large differences among the sea-
grass beds, except between Bongoyo and Mbegani (Games-Howell test, p 
= 0.048) caused by a high density peak in February 2009 at Bongoyo. With 
the exception of August, which was significantly different from March, 
April, May and December (p < 0.02), there were no significant differences 
in densities among months (p > 0.149). 
Degree of population variability across months was smaller in the 
mangroves than the seagrass beds, but the latter showed species- and lo-
cation-specific differences (Fig. 6). For example, while the population den-
sities of L. harak and L. fulviflamma were more variable in the seagrass at 
Mbegani than in the rest of the seagrass beds (Figs. 6a and c), L. lentjan 
showed highest variability on the seagrass beds at Mbudya Island (Fig. 6b). 
On the other hand, S. sutor showed more within site population variabil-
ity than among location variation (Fig. 6d). In general, habitat types that 
harbored early juveniles (3–4 cm TL, see Fig. 3) showed highest monthly 
variability in total density (Fig. 6). 
Growth
Length-at-age differed among habitats for all species indicating that 
juveniles of these species had different growth rates in different juvenile 
habitats (Fig. 7). Length-at-age for Lethrinus lentjan was significantly re-
Table 3 Results of a factorial ANOVA on log10(x+1) total density data for Lethri-
nus harak, Lethrinus lentjan, Lutjanus fulviflamma, and Siganus sutor. Significant 
p-values are indicated in bold
  L. harak  L. lentjan L. fulviflamma S. sutor
Source df MS F p  MS F p  MS F p  MS F p
Year (Y) 2 1.634 60.903 < 0.001 0.653 11.909 < 0.001 1.617 69.065 < 0.001 0.584 2.719 0.067
Month (M) 11 0.214 7.991 < 0.001 0.282 5.148 < 0.001 0.106 4.541 < 0.001 0.578 2.692 0.002
Habitat (H) 3 2.777 103.542 < 0.001 2.321 42.328 < 0.001 1.630 69.629 < 0.001 8.041 37.452 < 0.001
Y x M 11 0.124 4.630 < 0.001 0.120 2.192 0.014 0.127 5.445 < 0.001 0.555 2.584 0.003
Y x H 4 1.572 58.592 < 0.001 0.385 7.029 < 0.001 0.564 24.068 < 0.001 0.287 1.338 0.254
M x H 28 0.175 6.526 < 0.001 0.142 2.595 < 0.001 0.094 4.017 < 0.001 0.397 1.850 0.005
Y x M x H 16 0.096 3.575 < 0.001 0.052 0.942 0.520 0.099 4.237 < 0.001 0.264 1.231 0.239
Error 567 0.027    0.055    0.023    0.215   
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duced in the seagrass bed at Mbegani compared to the other two seagrass 
beds (ANCOVA, F(1, 31) = 97.6, p < 0.001, r
2 = 0.8) which had similar growth 
rates (p = 0.171). While juveniles of L. fulviflamma had a significantly larger 
size at age in the mangroves than in the seagrass bed at Mbegani (AN-
COVA, F(1, 23) = 559.5, p < 0.001, r
2 = 0.9), length-at-age for S. sutor juveniles 
in seagrass beds varied significantly in the order Mbudya > Mbegani > 
Bongoyo (ANCOVA, F(1, 35) = 279. 4, p < 0.001, r
2 = 0.9). 
In contrast to the growth differences, size-frequency distributions 
of L. lentjan and L. fulviflamma did not differ in shape (see Fig. 3) among 
the mangroves and seagrass beds for which length-at-age was determined. 
However, total potential food abundance varied among juvenile habitats 
and mirrored the habitat differences found for each of the two zooben-
Figure 7: Length at age estimates of three fish species in various habitats fitted to 
a power function (allometric). Data from only two habitats, seagrass and man-
grove at Mbegani, were used to compare juvenile Lutjanus fulviflamma growth. 
This is because we recorded negligibly low juvenile L. fulviflamma individuals 
in the seagrass beds at Mbudya and Bongoyo Islands to warrant the inclusion 
of these habitats in the analysis. Juvenile L. harak growth was not tested due to 
insufficient number of juvenile individuals recorded in multiple habitats
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thivorous fish species in terms of growth rates. Potential food abundance 
for L. lentjan and L. fulviflamma was lowest in the seagrass bed at Mbegani, 
highest at Mbudya seagrass beds and Mbegani mangroves, and intermedi-
ate at Mbudya seagrass beds (Table 2).
DISCUSSION
Tropical coastal habitats (e.g. mangroves and seagrass beds) are 
widely acknowledged as critical nursery habitats for juvenile coral reef 
fishes (Parish, 1989; Beck et al., 2001; see review by Nagelkerken, 2009). Yet 
while size-structured fish populations often depend on these habitats dur-
ing juvenile life stages (Nakamura and Tsuchiya, 2008; Kimirei et al., 2011), 
this does not necessarily imply that all nearshore habitats function equally 
in their nursery potential (Gillanders et al., 2003; Nagelkerken and van der 
Velde, 2004; Sheaves, 2005; Sheaves et al., 2010). The present study revealed 
high juvenile densities in all shallow-water vegetated habitats, but with a 
predominance of smaller juveniles for all four fish species studied. Nev-
ertheless, larger size classes were also frequently present. Some habitats 
harbored predominantly small individuals; some harbored mainly large 
specimens, while others harbored small individuals as well as large adults. 
This finding indicates that mangrove and seagrass habitats can function 
differently for, and likely have different benefits for different life stages, 
fish species, and locations.
The physical architecture of coastal ecosystems could play a major 
role in the differential responses of demography to habitat. In this study, 
mangroves were colonized at high tide by a wide size range of Lethrinus 
harak and Lutjanus fulviflamma. Most of the mangrove habitats studied are 
not permanently accessible by fish, especially in the Indo-Pacific region, 
due to high tidal ranges of several meters.
This tidal variability creates accessibility windows for fish to these 
habitats whereby mangroves can only be accessed temporarily during 
high tides (Sheridan, 1997; Sheaves, 2005). Thus, the “value” of these man-
grove habitats and their suitability as juvenile habitats would differ from 
ecosystems in which mangroves are perpetually connected (e.g. in the Car-
ibbean: Nagelkerken, 2009; Jones et al., 2010). Utilization of more “tem-
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porary” habitats by small/juvenile fishes can present fitness advantages 
(e.g. lower predation risk: Sheaves, 2001, 2005; Hammerschlag et al., 2010). 
However, our data show that mangroves were also frequently used by 
large individuals of L. fulviflamma and L. harak, suggesting this habitat also 
provides benefits to older, adult fish. Mangroves at Mbegani had higher 
food abundance than the adjacent seagrass beds, and growth rates were 
higher in mangroves than the seagrass beds for all size classes of L. fulvi-
flamma. Thus, overlap in mangrove habitat use by juvenile and adults ap-
pear to be facilitated by high food abundances that enhanced growth rates.
Seagrass beds showed a stronger disparity in size-class distributions 
compared to mangroves. Although seagrass beds along the continental 
coastline harbored a wide size range of sizes for all species, the largest 
specimens were only found in deeper seagrass beds surrounding offshore 
islands. For L. harak and L. fulviflamma, offshore seagrass beds did not har-
bor any small individuals. Thus again, seascape structure appears to be 
driving the relative value of various fish habitats via its influence on fish 
population dynamics. For example, in areas where juvenile and adult habi-
tats are in close proximity, edge effects are promoted (Dorenbosch et al., 
2006), and thus the value of each particular habitat could be masked. Sea-
grass beds on islands are separated by a narrow (< 5 m wide) mudflat from 
the shallower fringing coral reefs (Kimirei et al., 2011). Seagrass habitats 
presenting this arrangement have potential of being used by larger reef 
predators as a product of reef proximity and higher water depths. Off-
shore seagrass beds may therefore provide less fitness benefits for smaller 
predation-prone individuals than shallower and shoreline seagrass beds 
isolated from reefs.
In contrast to the wide-held belief that nearshore habitats are primar-
ily nursery areas for small, juvenile fishes alone (Parrish, 1989; Nagelkerk-
en, 2009a), our study revealed that these habitats are frequently utilized 
for long-term residency by adult fishes as well. Fishes that colonize man-
grove and seagrass beds during settlement apparently can remain in these 
habitats for long periods, sometimes up to an age of 13 years. In fact in 
our study, the majority of individuals in these habitats were older than 13 
months, a pattern that differs substantially from that observed for differ-
ent species and ecosystems (Gillanders et al., 2003). These important vari-
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ations in fish demography of coastal habitats have implications for habi-
tat productivity and population/ecosystem connectivity (Sheaves, 2009). 
Long-term residence by larger adult predators in putative juvenile nursery 
habitats affects fish communities. Larger fish would likely act as stronger 
competitors to juveniles utilizing more food sources (Almany, 2004; Baker 
and Sheaves, 2005), and could alter (i.e., delay) the timing of ontogenetic 
diet shifts of juveniles from macrofauna to fish (Kamukuru and Mgaya, 
2004; Dorenbosch et al., 2009). Larger fish may also become predators on 
the juveniles themselves either inter-specifically (Sheaves 2002) or via can-
nibalism (Manica, 2002). Thus, some nursery areas may actually be less 
effective as nursery habitat, an important observation that suggests sec-
ondary production in these habitats could be leveraged by the degree of 
nursery effectiveness. Secondary production variations are heavily lever-
aged by density and biomass of juvenile age classes (Valentine-Rose et al., 
2007; Benke, 2010). Thus, lower secondary production of juveniles in favor 
of higher secondary production of adults will likely reduce overall second-
ary fish production from these habitats along with juvenile and overall 
biomass export to reefs.
Predicting the nursery function of habitats at large spatial and tem-
poral scales is extremely challenging. For example, higher juvenile densi-
ties were usually observed during the wetter, warmer period of the year 
(i.e., during NE monsoon) suggesting this is the primary recruitment pe-
riod. Thus, demographic variability in time and space could be related to 
several controlling factors such as tidal regime (especially for mangroves), 
food availability, alternative habitat/microhabitat availability, mortality, 
and predation (Phelan et al., 2000; Sheaves, 2005). Furthermore, somatic 
growth rates of fish are variable by habitat and even within habitat type 
(e.g., individual seagrass beds had unique growth rates). The current study 
suggests that nurseries, and the process of identifying their function, are 
extremely complex and should be assessed on a per-species, habitat, and 
location level. For example, although the fish demographic structure in 
seagrass beds was similar across several locations, their growth rates dif-
fered significantly in concordance with differences in food abundance. This 
implies that for seagrass beds, some have higher biomass turnover rates 
(i.e., those with higher growth rates), which make them more productive 
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and their contribution to adult populations potentially larger. According 
to Beck et al. (2001) and Dahlgren et al. (2006), a true nursery habitat con-
tributes a higher than average biomass of individuals to the adult popula-
tion compared to other juvenile habitats. In this light, important nursery 
habitats are also those in which demographic structure and productivity 
is stable. 
In conclusion, the current study shows that the same type of shallow 
water habitat can have a different demographic structure of fish popula-
tions and thus function differently. Food abundances vary within habitat 
type and closely mirror fish growth, leading to differences in productivity 
and turnover rates. Seascape architecture (distance to adjacent reefs) and 
water depth can be additional drivers of population size structure through 
facilitating ingression of larger predators. Evaluating the nursery potential 
of essential juvenile habitats is complex due to within-habitat variability of 
nursery role measures, complicated by the fact that these factors are often 
not temporally stable. Our study shows that multiple subtypes of essential 
habitat may be needed to sustain coastal populations, making conservation 
of mangrove and seagrass habitat more complex than previously thought. 
ACKNOWLEDGEMENTS
This project was funded through WOTRO Science for Global Devel-
opment by the Netherlands Organisation for Scientific Research (NWO). 
The field work was supported by a grant from the Schure-Beijerinck-Pop-
ping Fonds. I.N. was funded by a Vidi grant from NWO. N.S. received 
funding from FONA. We thank the administration and staff of the Mbegani 
Fisheries Development Centre (MFDC) for logistical support and research 
facilities. The staff of the Department of Aquatic Sciences and Fisheries of 
the University of Dar es Salaam are also thanked for their cooperation and 
for providing office space and research facilities. Appreciation is expressed 
to Ben Griffioen, Coen Wagner, Michel Trommelen, Piet Blankers, Nanne 
van Hoytema, Dieuwke, and Peter Smittenaar for their invaluable field as-
sistance, and Hassan and Mmanga for operating the research boat. This is 
Centre for Wetland Ecology Publication no. 538.
Chapter 3
90
REFERENCES
Adams, A. J. & Ebersole, J. P. (2009). Mechanisms affecting recruitment pat-
terns of fish and decapods in tropical coastal ecosystems. In Ecological 
Connectivity among Tropical coastal Ecosystems (Nagelkerken, I., ed.), 
pp. 185-228. Dordrecht, The Netherlands: Springer Science+Business 
Media B. V.
Almany, G. R. (2004). Differential effects of habitat complexity, predators 
and competitors on abundance of juvenile and adult coral reef fishes. 
Oecologia 141, 105-113.
Armsworth, P. R. (2000). Modeling the swimming response of late stage 
larval reef fish to different stimuli. Marine Ecology Progress Series 195, 
231–247.
Auster, P. J., Malatesta, R. J. & Donaldson, C. L. S. (1997). Distributional 
response to small-scale habitat variability by early juvenile silver hake, 
Merluccius bilinearis. Environmental Biology of Fishes 50, 195-200.
Baker, R. & Sheaves, M. (2005). Redefining the piscivore assemblage of 
shallow estuarine nursery habitats. Marine Ecology Progress Series 291, 
197-213.
Baker, R. & Sheaves, M. (2009a). Overlooked small and juvenile piscivores 
dominate shallow-water estuarine “refuges” in tropical Australia. Es-
tuarine, Coastal and Shelf Science 85, 618-626.
Baker, R. & Sheaves, M. (2009b). Refugees or ravenous predators: detect-
ing predation on new recruits to tropical estuarine nurseries. Wetlands 
Ecology and Management 17, 317-330.
Beck, M. W., Heck Jr, K. L., Able, K. W., Childers, D. L., Eggleston, D. B., 
Gillanders, B. M., Halpern, B., Hays, C. G., Hoshino, K., Minello, T. J., 
Orth, R. J., Sheridan, P. F. & Weinstein, M. P. (2001). The identification, 
conservation and management of estuarine and marine nurseries for 
fish and invertebrates. Bioscience 51, 633-641.
Beck, M. W., Heck Jr, K. L., Able, K. W., Childers, D. L., Eggleston, D. B., 
Gillanders, B. M., Halpern, B. S., Hays, C. G., Hoshino, K., Minello, T. J., 
Orth, R. J., Sheridan, P. F. & Weinstein, M. P. (2003). The Role of Near-
shore Ecosystems as Fish and Shellfish Nurseries. Issues in Ecology 11, 
1-12.
Benke, A., 2010. Secondary Production  Nature Education Knowledge 1, 5.
Blaber, S. J. M. (1980). Fish of the Trinity Inlet system of north Queensland 
with notes on the ecology of fish faunas of tropical Indo-Pacific estuar-
ies. Australian Journal of Marine and Freshwater Research 31, 137-146.
Blaber, S. J. M. (2000). Tropical estuarine fishes: ecology, exploitation and 
conservation. . In Fish and Aquatic Resources Series 7. Oxford: Black-
The complexity of evaluating essential juvenile fish habitats
91
well Science.
Bloomfield, A. L. & Gillanders, B. M. (2005). Fish and invertebrate assem-
blages in seagrass, mangrove, saltmarsh, and nonvegetated habitats. Es-
tuaries 28, 63-77.
Booth, D. J. & Beretta, G. A. (1994). Seasonal recruitment, habitat associa-
tions and survival of Pomacentrid reef fish in the United-States-Virgin-
Islands. Coral Reefs 13, 81-89.
Chong, V. C., Sasekumar, A., Leh, M. U. C. & Cruz, R. D. (1990). The fish 
and prawn communities of a Malaysian coastal mangrove system, with 
comparisons to adjacent mudflats and inshore water. Estuarine, Coastal 
and Shelf Science 31, 703-722.
Dahlgren, C. P. & Eggleston, D. B. (2000). Ecological processes underlying 
ontogenetic habitat shifts in a coral reef fish. Ecology 81, 2227-2240.
Dahlgren, C. P. & Eggleston, D. B. (2001). Spatio-temporal variability in 
abundance, size and microhabitat associations of early juvenile Nassau 
grouper Epinephelus striatus in an off-reef nursery system. Marine Ecol-
ogy Progress Series 217, 145-156.
Dahlgren, C. P., Kellison, G. T., Adams, A. J., Gillanders, B. M., Kendall, M. 
S., Layman, C. A., Ley, J. A., Nagelkerken, I. & Serafy, J. E. (2006). Ma-
rine nurseries and effective juvenile habitats: concepts and applications. 
Marine Ecology Progress Series 312, 291-295.
Degraer, S., Meire, P., Vincx, M., 2007. Spatial distribution, population dy-
namics and productivity of Spisula subtruncata: implications for Spisula 
fisheries in seaduck wintering areas. Marine Biology 152, 863–875.
Doherty, P. & Fowler, A. (1994). Demographic Consequences of Variable 
Recruitment to Coral-Reef Fish Populations - a Congeneric Comparison 
of 2 Damselfishes. Bulletin of Marine Science 54, 297-313.
Doherty, P. J. (1991). Spatial and temporal patterns in recruitment. In The 
ecology of fishes on coral reefs (Sale, P. F., ed.), pp. 261–293. San Diego, 
California, USA: Academic Press.
Doherty, P. J. (2002). Variable replenishment and the dynamics of reef fish 
populations. In Coral reef fishes: dynamics and diversity in a complex 
ecosystem (Sale, P. F., ed.), pp. 327-355. San Diego, USA: Academic 
Press.
Dorenbosch, M., Grol, M. G. G., de Groene, A., van der Velde, G. & Nagel-
kerken, I. (2009). Piscivore assemblages and predation pressure affect 
relative safety of some back-reef habitats for juvenile fish in a Caribbean 
bay. Marine Ecology-Progress Series 379, 181-196.
Dorenbosch, M., Grol, M. G. G., Nagelkerken, I. & van der Velde, G. (2006). 
Different surrounding landscapes may result in different fish assem-
blages in East African seagrass beds. Hydrobiologia 563, 45-60.
Chapter 3
92
English, S., Wilkinson, C. & Baker, V. (1994). Survey manual for tropical 
marine resources. In ASEAN-Australia marine science project: living 
coastal resources, pp. 68-80. Townsvile: Australian Institute of Marine 
Science.
Faunce, C. H. & Serafy, J. E. (2007). Nearshore habitat use by gray snap-
per (Lutjanus griseus) and bluestriped grunt (Haemulon sciurus): envi-
ronmental gradients and ontogenetic shifts. Bulletin of Marine Science 
80, 473-495.
Field, A. (2005). Discovering statistics using SPSS. London: SAGE Publica-
tions.
Gayanilo, F. C., Sparre, P. & Pauly, D. (2005). The FAO-ICLARM stock as-
sessment tools (FISAT) user’s guide. FAO Computerised Information 
Series (Fisheries) 8, 1-126.
Gibson, R. N. (1994). Impact of habitat quality and quantity on the recruit-
ment of juvenile flatfishes. Netherlands Journal of Sea Research 32, 191-
206.
Gillanders, B. M. (2006). Seagrasses, fish, and fisheries. In Seagrasses: Biol-
ogy, Ecology and Conservation (Larkum, A. W. D., ed.), pp. 503-536. 
Amsterdam: Springer.
Gillanders, B. M., Able, K. W., Brown, J. A., Eggleston, D. B. & Sheridan, P. 
F. (2003). Evidence of connectivity between juvenile and adult habitats 
for mobile marine fauna: an important component of nurseries. Marine 
Ecology Progress Series 247, 281–295.
Grol, M. G. G., Dorenbosch, M., Kokkelmans, E. M. G. & Nagelkerken, I. 
(2008). Mangroves and seagrass beds do not enhance growth of early ju-
veniles of a coral reef fish. Marine Ecology Progress Series 366, 137-146.
Hammerschlag, N., Morgan, A. B. & Serafy, J. E. (2010). Relative predation 
risk for fishes along a subtropical mangrove-seagrass ecotone. Marine 
Ecology-Progress Series 401, 259-267.
Hixon, M. A., Pacala, S. W. & Sandin, S. A. (2002). Population regulation: 
historical context and contemporary challenges of open vs closed sys-
tems. Ecology 83 1490-1508.
Hixon, M. A. & Webster, M. S. (2002). Density dependence in reef fish pop-
ulations. In Coral reef fishes: dynamics and diversity in a complex eco-
system (Sale, P. F., ed.), pp. 303-325. San Diego, USA: Academic Press.
Jones, D. L., Walter, J. F., Brooks, E. N. & Serafy, J. E. (2010). Connectivity 
through ontogeny: fish population linkages among mangrove and coral 
reef habitats. Marine Ecology Progress Series 401, 245-258.
Jones, G. P. (1991). Post-recruitment processes in the ecology of coral reef 
fish populations: a multifactorial perspective. In The ecology of fishes 
on coral reefs (Sale, P. F., ed.), pp. 294–328. San Diego, California, USA: 
The complexity of evaluating essential juvenile fish habitats
93
Academic Press.
Kamukuru, A. T. & Mgaya, Y. D. (2004). The food and feeding habits of 
blackspot snapper, Lutjanus fulviflamma (Pisces: Lutjanidae) in shallow 
waters of Mafia Island, Tanzania. African Journal of Ecology 42, 49-58.
Kimirei, I. A., Nagelkerken, I., Griffioen, B., Wagner, C. & Mgaya, Y. D. 
(2011). Ontogenetic habitat use by mangrove/seagrass-associated coral 
reef fishes shows flexibility in time and space. Estuarine, Coastal and 
Shelf Science 92, 47-58.
Kramer, D. L. & Chapman, M. R. (1999). Implications of fish home range 
size and relocation for marine reserve function. Environmental Biology 
of Fishes 55, 65-79.
Laegdsgaard, P. & Johnson, C. (2001). Why do juvenile fish utilise man-
grove habitats? Journal of Experimental Marine Biology and Ecology 
257, 229-253.
Lecchini, D. & Poignonec, D. (2009). Spatial variability of ontogenetic pat-
terns in habitat associations by coral reef fishes (Moorea lagoon - French 
Polynesia). Estuarine, Coastal and Shelf Science 82, 553-556.
Maceina, M. J. (1988). A simple grinding procedure for sectioning otoliths. 
North American Journal of Fisheries Management 8, 141-143.
Mangel, M., Levin, P. S. & Patil, A. (2006). Using life history and persis-
tence criteria to prioritize habitats for management and conservation. 
Ecological Applications 16, 797-806.
Manica, A. (2002). Filial cannibalism in teleost fish. Biological Reviews 77, 
261-277.
Mateo, I., Durbin, E. G., Appeldoorn, R. S., Adams, A. J., Juanes, F., Kings-
ley, R., Swart, P. & Durant, D. (2010). Role of mangroves as nurseries for 
French grunt Haemulon flavolineatum and schoolmaster Lutjanus apodus 
assessed by otolith elemental fingerprints. Marine Ecology-Progress Se-
ries 402, 197-212.
Mellin, C., Kulbicki, M. & Ponton, D. (2007). Seasonal and ontogenetic pat-
terns of habitat use in coral reef fish juveniles. Estuarine, Coastal and 
Shelf Science 75, 481-491.
Nagelkerken, I. (2009). Evaluation of nursery function of mangroves and 
seagrass beds for tropical decapods and reef fishes: patterns and un-
derlying mechanisms. In Ecological connectivity among tropical coastal 
ecosystems (Nagelkerken, I., ed.), pp. 357-400. Dordrecht, The Nether-
lands: Springer Science+Business Media B.V.
Nagelkerken, I., Roberts, C. M., van der Velde, G., Dorenbosch, M., van 
Riel, M. C., Cocheret de la Moriniere, E. & Nienhuis, P. H. (2002). How 
important are mangroves and seagrass beds for coral-reef fish? The 
nursery hypothesis tested on an island scale. Marine Ecology Progress 
Chapter 3
94
Series 244, 299-305.
Nagelkerken, I. & van der Velde, G. (2002). Do non-estuarine mangroves 
harbour higher densities of juvenile fish than adjacent shallow-water 
and coral reef habitats in Curacao (Netherlands Antilles)? Marine Ecol-
ogy Progress Series 245, 191-204.
Nagelkerken, I. & van der Velde, G. (2004). Relative importance of inter-
linked mangroves and seagrass beds as feeding habitats for juvenile reef 
fish on a Caribbean island. Marine Ecology Progress Series 274, 153-159.
Nagelkerken, I., van der Velde, G., Gorissen, M. W., Meijer, G. J., van’t Hof, 
T. & den Hartog, C. (2000). Importance of mangroves, seagrass beds and 
the shallow coral reef as a nursery for important coral reef fishes, using 
a visual census technique. Estuarine, Coastal and Shelf Science 51, 31-44.
Nakamura, Y., Horinouchi, M., Shibuno, T., Tanaka, Y., Miyajima, T., Koike, 
I., Kurokura, H. & Sano, M. (2008). Evidence of ontogenetic migration 
from mangroves to coral reefs by black-tail snapper Lutjanus fulvus: sta-
ble isotope approach. Marine Ecology-Progress Series 355, 257-266.
Nakamura, Y. & Sano, M. (2004). Overlaps in habitat use of fishes between 
a seagrass bed and adjacent coral and sand areas at Amitori Bay, Irio-
mote Island, Japan: Importance of the seagrass bed as juvenile habitat. 
Fisheries Science 70, 788-803.
Nakamura, Y. & Tsuchiya, M. (2008). Spatial and temporal patterns of 
seagrass habitat use by fishes at the Ryukyu Islands, Japan. Estuarine, 
Coastal and Shelf Science 76, 345-356.
Parrish, J. D. (1989). Fish communities of interacting shallow water habitats 
in tropical oceanic regions. Marine Ecology Progress Series 58, 143-160.
Paterson, A. W. & Whitfield, A. K. (2000). Do shallow-water habitats func-
tion as refugia for juvenile fishes? Estuarine, Coastal and Shelf Science 
51, 359-364.
Phelan, B. A., Goldberg, R., Bejda, A. J., Pereira, J., Hagan, S., Clark, P., 
Studholme, A. L., Calabrese, A. & Able, K. W. (2000). Estuarine and 
habitat-related differences in growth rates of young-of-the-year winter 
flounder (Pseudopleuronectes americanus) and tautog (Tautoga onitis) in 
three northeastern US estuaries. Journal of Experimental Marine Biol-
ogy and Ecology 247, 1-28.
Pihl, L., Modin, J. & Wennhage, H. (2005). Relating plaice (Pleuronectes 
platessa) recruitment to deteriorating habitat quality: effects of macroal-
gal blooms in coastal nursery grounds. Canadian Journal of Fisheries 
and Aquatic Sciences 62, 1184-1193.
Robertson, A. I. & Blaber, S. J. M. (1992). Plankton, epibenthos and fish 
communities. In Tropical mangrove ecosystems (Coastal and Estuarine 
Studies) (Robertson, A. I. & Alongi, D. M., eds.), pp. 173-224. Washing-
The complexity of evaluating essential juvenile fish habitats
95
ton, DC.: American Geographical Union.
Rypel, A. L. & Bayne, D. R. (2009). Hydrologic habitat preferences of se-
lect southeastern USA fishes resilient to river ecosystem fragmentation. 
Ecohydrology 2, 419-427.
Sheaves, M. (2001). Are there really few piscivorous fishes in shallow es-
tuarine habitats? Marine Ecology Progress Series 222, 279-290.
Sheaves, M. (2005). Nature and consequences of biological connectivity in 
mangrove systems. Marine Ecology Progress Series 302, 293-305.
Sheaves, M. (2009). Consequences of ecological connectivity: the coastal 
ecosystem mosaic. Marine Ecology-Progress Series 391, 107-115.
Sheaves, M., Johnston, R. & Connolly, R. M. (2010). Temporal dynamics 
of fish assemblages of natural and artificial tropical estuaries. Marine 
Ecology-Progress Series 410, 143-U156.
Sheridan, P. (1997). Benthos of adjacent mangrove, seagrass and non-veg-
etated habitats in Rookery Bay, Florida, USA. Estuarine Coastal and 
Shelf Science 44, 455-469.
Sparre, P. & Vanema, S. C. (1998). Introduction to tropical fish stock as-
sessment. FAO Fisheries Technical Paper. No. 306.1, Rev. 2. Rome: FAO.
Steele, M. A. & Forrester, G. E. (2002). Early post-settlement predation on 
three reef fishes: effects on spatial patterns of recruitment. Ecology 83, 
1076–1091.
ter Braak, C. J. F. & Smilauer, P. (1998). CANOCO reference manual and 
user’s guide to Canoco for Windows – Software for canonical commu-
nity ordination (version 4). Microcomputer Power, Ithaca, New York.
Tupper, M. & Boutilier, R. G. (1995). Effects of habitat on settlement. growth, 
and postsettlement survival of Atlantic cod (Gadus morhua). Canadian 
Journal of Fisheries and Aquatic Sciences 52, 1834-1841.
Unsworth, R. K. F., Garrard, S. L., De Leon, P. S., Cullen, L. C., Smith, D. 
J., Sloman, K. A. & Bell, J. J. (2009). Structuring of Indo-Pacific fish as-
semblages along the mangrove-seagrass continuum. Aquatic Biology 5, 
85-95.
Valentine-Rose, L., Layman, C.A., Arrington, D.A., Rypel, A.L., 2007. Hab-
itat fragmentation decreases fish secondary production in Bahamian 
tidal creeks. Bulletin of Marine Science 80, 863-877.
Valiela, I., Bowen, J. L. & York, J. K. (2001). Mangrove forests: One of the 
world’s threatened major tropical environments. Bioscience 51, 807-815.
Verweij, M. C., Nagelkerken, I., de Graaff, D., Peeters, M., Bakker, E. J. & 
van der Velde, G. (2006). Structure, food and shade attract juvenile coral 
reef fish to mangrove and seagrass habitats: a field experiment. Marine 
Ecology Progress Series 306, 257-268.
Chapter 3
96
Verweij, M. C., Nagelkerken, I., Hans, I., Ruseler, S. M. & Mason, P. R. D. 
(2008). Seagrass nurseries contribute to coral reef fish populations. Lim-
nology and Oceanography 53, 1540-1547.
The complexity of evaluating essential juvenile fish habitats
97
  a)               b)
                         
c)             d)  
                         
Supplimentary Figure 1:Principal Component Analysis (PCA) biplot on 
basis of relative fish densities in different habitat types for a) Lethrinus 
harak, b) L. lentjan, c) Lutjanus fulviflamma, and d) Siganus sutor. The first 
two PCA axes explained 91, 96, 90 and 88% of the total variance, respec-
tively
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ABSTRACT
 Ontogenetic niche shifts are a pervasive behavioral feature of many 
mangrove/seagrass-associated coral reef fishes. Consequently, under-
standing the ecological mechanics underlying these shifts is core to an im-
proved understanding of coral reef populations and their global decline. 
We examined diet, growth, and maturation of three fish species along a 
habitat gradient, through ontogeny, in Tanzanian coral reef and connected 
near shore nursery ecosystems. Results suggested that neither diet shifts 
nor sexual maturity acted as triggers for the habitat shifting. Rather, the 
ecological advantages of coral reef habitat for fishes appeared to be related 
to abundant food resources ultimately leading to faster growth rates. How-
ever, fishes did not move to reefs until they attained a sufficiently large 
size indicating that the decision to switch habitats involved careful and 
dynamic trade-offs. We suggest that an unmeasured ecological factor, such 
as relative predation risk, is interacting with growth rates to drive ontoge-
netic niche shifts in these and other coral reef ecosystems.
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INTRODUCTION
Ontogenetic niche shifts are common to the life-cycles of diverse 
animals across the world (Werner and Gilliam, 1984; Fryxell and Sin-
clair, 1988). Understanding the drivers of these shifts is paramount as it 
affects population stability and dynamics at multiple scales (Brodersen 
et al., 2008). Multiple hypotheses have been generated for explaining the 
ecological basis for niche shifting in animals. These include conditional 
differences between individuals (Jonsson and Jonsson, 1993; Kaitala et 
al., 1993; Brodersen et al., 2008), strong inter- and intra-specific competi-
tion (Cox, 1968; Biebach, 1983), genetic differences between migrants and 
residents (Biebach, 1983), or a mixed evolutionary stable strategy which 
results from frequency-dependent selection (Kaitala et al., 1993). Studies 
on habitat shifts have mainly been done for terrestrial species, especially 
birds (Cox, 1968; Lundberg, 1987, 1988; Kaitala et al., 1993). In aquatic eco-
systems, habitat shifts are equally common. For example, riverine fish are 
known to migrate downstream to spawn in estuarine waters, whereas ana-
dromous species migrate upstream to spawn (Hansen et al., 1989; Jonsson 
and Jonsson, 1993; Sigler and Csepp, 2007). Some species perform large-
scale migrations from their lakes into streams and wetlands during winter, 
a phenomenon known to involve careful trade-offs between seasonal fluc-
tuation in predation risk and growth potential (Brodersen et al., 2008; Skov 
et al., 2011) where the lake offers growth potential and streams protection 
from predation. 
As opposed to basic habitat shifts, that can vary depending on their 
function and temporal scale (e.g. diel migrations or seasonal spawning mi-
grations), ontogenetic habitat shifts have a more permanent and usually 
unidirectional character. Yet the benefits of permanent habitat shifts must 
outweigh the associated risk of movement for them to occur (Dahlgren and 
Eggleston, 2000). In marine environments, daily and seasonal variations in 
abiotic factors, such as temperature, salinity and turbidity, can apparently 
trigger migrations (Travers et al., 2006). However, key biotic drivers (e.g., 
predation and competition) could be equally as important (Jonsson and 
Jonsson, 1993; Edgar and Shaw, 1995; Hyndes et al., 1997; Cocheret de la 
Morinière et al., 2003b; Cocheret de la Morinière et al., 2003a; Grol et al., 
2011).
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Optimal foraging theory predicts that foraging behaviors are a prod-
uct of prey profitability and size selection by predators (Werner and Hall, 
1988). Thus as the dietary needs of animals expand during ontogeny (Lae-
gdsgaard and Johnson, 2001), a need or advantage to shifting habitats of-
ten arises. However, habitat shifts could just as easily result from the onset 
of sexual maturity and the biological need to seek reproductive partners 
or to move to environments that promote spawning and enhance gamete 
survival – an iconic example being the long-distance spawning migrations 
of oceanic salmon to natal riverine areas (Ueda, 2011; review by Leggett, 
1977). Yet while multiple studies have focused on single drivers of ontoge-
netic habitat migrations, few studies have endeavored to examine multiple 
drivers. 
In tropical seascapes, ontogenetic habitat shifts are especially com-
mon. The common pattern essentially involves fishes shifting from veg-
etated juvenile habitats (e.g. mangroves, algal fields, seagrass beds) to spa-
tially-segregated deep-water adult habitats (e.g. coral reefs, offshore shelf 
areas) (Nagelkerken et al., 2002; Dorenbosch et al., 2005b; Dorenbosch et al., 
2005a; Adams et al., 2006; Nagelkerken et al., 2008; Nakamura et al., 2008; 
Shibuno et al., 2008; Kimirei et al., 2011). These size-related habitat shifts 
may be a strategy to minimize mortality and maximize growth (Dahlgren 
and Eggleston, 2000; Adams et al., 2006; Grol et al., 2011). However, little 
empirical evidence exists to disentangle the multiple sub-factors that un-
derlie these ecological trade-offs. For example, the availability of prey (Gal-
arowicz et al., 2006), size-specific changes in diet (McCormick and Makey, 
1997), predation risk (Grol et al., 2011), and growth (McCormick, 1998) may 
all influence ontogenetic niche shifts by marine fishes.
In the present study we examine drivers of ontogenetic niche shifts 
in three species of reef fish. These species all follow a common life-history 
pattern of living in mangrove/seagrass nursery habitats as juveniles and 
subsequently migrating to coral reefs as adults. Many fish species switch 
to larger prey items as they grow (Werner and Gilliam, 1984; Cocheret de 
la Morinière et al., 2003b), and these have been suggested to be more abun-
dant in the adult habitat (Nakamura and Sano, 2004; Nagelkerken, 2009). 
We hypothesize that large prey items become limiting during growth of 
fishes in their nurseries, leading to reduced growth (and thus maturation) 
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and thus initiating movement to more profitable adult habitats. Our a priori 
assumption is therefore that abundance of preferred prey is the proximate 
driver of ontogenetic habitat change. In the present study we examine dif-
ferences in diet, growth, and maturity among habitats through ontogeny, 
Figure 1: Map of study area. Reef contours (approximately 17m depth) are in-
dicated by thick black lines. Hatched area indicates location of the mangrove 
forest. SgK = seagrass Kunduchi. Black dots indicate the study sites; at Mbudya 
and Bongoyo Islands each dot represents a neighboring reef and seagrass site
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coupled to differences in food abundances. This enables us to critically 
evaluate the degree to which these ecological factors differ among habitats 
and life stages, and why and when ontogenetic niche shifts may occur.
MATERIALS AND METHODS
Study area
This study was conducted in Kunduchi, Dar es Salaam, Tanzania 
(Fig. 1), situated ~20 km north of Dar es Salaam. The area is character-
ized by two wet seasons, i.e. October–December and March–May, with 
heaviest rainfall occurring in the latter. The rest of the year is generally dry 
with minor rainfall during January and February. There are three islands 
located 1.5–3 km offshore of the Kunduchi coastline. Of these, Mbudya and 
Table 1. Overview per habitat and fish species of: size range (total length), num-
ber of full stomachs analyzed for content, number of otoliths analyzed for age, 
and number of gonads used for maturity analysis, including percent immature 
(stages I and II) and mature (IIb and III–VI) gonads (see Materials and methods 
for details)
Species,
Size-range
(cm) Stomachs Otoliths
Gonads
   Habitat Total
Immature 
(%)
Mature 
(%)
Lethrinus harak
   Mangrove    3.2-29.6 5 36 23 100 0
   Seagrass    5.1-28.0 31 81 130 82 18
   Coral reef  24.6-39.6 20 20 54 0 100
Lethrinus lentjan
   Mangrove      3.7-9.0 2 0 4 100 0
   Seagrass    5.6-21.7 68 125 287 95 5
   Coral reef  10.4-38.4 70 84 90 11 89
Lutjanus fulviflamma
   Mangrove   1.7-16.1 257 86 488 100 0
   Seagrass   2.6-24.0 160 159 492 74 26
   Coral reef 16.2-20.3 20 43 26 0 100
Total 633 634 1594
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Bongoyo Islands are the largest and belong to the Dar es Salaam Marine 
Protected Area. The islands are separated from the mainland shelf by a 15 
m deep channel which runs almost parallel to the coastline. The tidal range 
in the study area is ~ 4 m during spring tide.
Major marine habitats in the study area consist of mangroves, sea-
grass beds, mudflats and coral reefs. The islands are fringed by coral reefs 
around which seagrass beds and mudflats occur. The mangrove forest on 
the mainland is dominated by Sonneratia alba along the sides of the Many-
ema Creek (Fig. 1). Freshwater input is only substantial during heavy rain-
fall. Seagrass beds also occur along the coastline of the mainland, while 
coral reefs also occur offshore. ‘Far reef’ is a completely submerged patch 
reef at 15–20 m which is approximately 150—500 m in width and length, 
followed by mudflats at greater depths. Massive coral colonies and a va-
riety of soft corals dominate this reef, with about 70% coral cover. ‘Gold 
reef’ is also a submerged patch reef, located at 17–20 m depth and about 
50—150 in size, with a mudflat at greater depths. The focus of the current 
study was on three structured habitats: mangrove, seagrass and coral reef.
Sampling design
Quantification of potential food abundance across habitats was con-
ducted during July–November 2008. A 50 x 50 cm quadrat was randomly 
placed in each of the three habitats. Then all flora and loose substrate with-
in the quadrat were collected by hand and put into a bag. For seagrass beds, 
all seagrass shoots were cut and collected. For mangroves, the roots were 
cut off and all loose pieces collected. Similarly, for coral reefs all detached 
corals were collected. At least one quadrat was sampled per habitat per 
site (Fig. 1), with a total of 6, 13, and 12 quadrats in mangrove, seagrass 
and reef habitats, respectively. Water was drained from the samples and 
stored at -20˚C pending analysis. All collected substrates and vegetation, 
along with the interiors of dead mangrove plants were visually inspected 
for potential food items > 2 mm. 
Individuals of three fish species, viz. Lethrinus harak, L. lentjan, and 
Lutjanus fulviflamma, were collected from the three different habitats and 
analyzed for stomach content, gonadal maturation, and age by analysis 
of otolith sagittae (Table 1). Fish collection took place concurrently with 
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underwater visual census surveys in the same habitats on a monthly basis 
over two years (Kimirei et al., 2011). 
Fishes from mangrove habitat were collected with a 1 x 10 m seine 
dragged against the current during outgoing tide. Hook and line angling, 
and a fyke net were used to supplement fish catch in the mangrove habitat, 
as well as guard against gear selectivity in fish size. Fishes caught using 
baited hook and line were not used for stomach content analysis. Fishes 
from the seagrass beds were purchased from local fishermen that utilized 
beach seines at low tide. Specimens from the coral reef were caught using a 
spear gun. All fishes were either immediately analyzed or kept in a freezer 
pending analysis the following day.
For each fish, total length was measured to the nearest mm (Table 
1). For diet analysis, stomach contents were analyzed under a stereomicro-
scope. All prey items were identified to the lowest possible taxonomic level 
(Supplementary Table 1). Proportions of food items in each stomach were 
estimated in relative volumetric quantity of the food items, i.e., the volume 
of the contents of the stomach was set at 100% and the food items found 
were estimated by eye, as a volumetric percentage of the total stomach 
volume (Hyslop, 1980; Cocheret de la Morinière et al., 2003b). A volumet-
ric measure was chosen because it is an estimation of biomass. Gravimet-
ric methods were not used due to large errors associated with measuring 
small stomach volumes of juvenile fish which also contain water (blotting 
may damage the samples), whereas methods that involve frequency esti-
mation would underestimate large food items and overestimate small food 
categories (Hyslop, 1980). 
Otolith sagittae were removed from each fish and used to estimate 
the age of each fish. Each otolith was cross-sectioned using standard meth-
odology (Maceina, 1988) and examined under a dissecting microscope uti-
lizing reflected light. Ages were determined blindly (i.e., with no knowl-
edge of the sample number or fish size) twice by an experienced reader, 
and disagreements between reads one and two (4% of all samples) were 
settled using another experienced reader.
For maturity analysis, gonads were used to visually determine sex 
and stage of maturity. Maturity stages were based on a seven point staging 
key modified from (Ntiba and Jaccarini, 1990; Kaunda-Arara and Ntiba, 
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1997; Kulmiye et al., 2002). Stages I, IIa, III, IV, V, VI and IIb represented 
immature, developing, maturing (active), ripe, fully ripe and spawning, 
just spawned, and recovering, respectively.
Data and statistical analysis
For the diet data, the program Primer (Clarke, 1993) was used to 
calculate Bray-Curtis similarity coefficients among habitats using log-
transformed mean volumes of food items per fish size class (2.5 cm), for 
each fish species separately. The similarity matrix was used to generate 
a multi-dimensional scaling plot. The importance of habitat type and of 
ontogeny (2.5 cm size classes) in explaining differences in diet composition 
was tested separately using ANOSIM with replication (Clarke, 1993). Due 
to lack of a crossed design for 2.5 cm size classes in all habitat types, size 
classes were also grouped into clusters as identified by Cluster analysis 
based on 65% similarity. 
Food items identified from stomachs were then grouped into two 
main categories per fish species and habitat. The first category comprised 
all large prey items and included fish, large crustaceans (crabs, shrimps), 
worms (Polychaeta, Oligochaeta, Nematoda), mollusks (Gastropoda, Bi-
valvia and Cephalopoda), and Echinoidea. The second category consisted 
of all small prey items and included all small crustaceans (Copepoda, Isop-
oda, Amphipoda, Tanaidacea, Mysidacea, Cumacea, and Ostracoda). The 
dietary proportions of these two main prey categories were then computed 
per fish size class (1 cm classes) and habitat for each species separately, and 
plotted as a function of fish size. A power function (allometric) of the form 
y = a * xb (where a and b are constants) was fitted to these data. 
Food density data were statistically compared only for those items 
which were most common in the stomachs of the three fish species, using 
a nested ANOVA with sites nested under habitats. Comparison of means 
was done by a Gabriel post-hoc test, or a Games-Howell post-hoc test as a 
non-parametric alternative when variances were still heterogeneous after 
data transformation. The data were tested for homogeneity of variance us-
ing a Levene’s test, and log- or square root-transformed prior to analysis. 
SPSS 16 was used for all analyses, unless otherwise stated.
In addition, the mean abundance of large prey items available per 
Drivers of ontogenetic niche shifts in coral reef fishes
109
Figure 2: Mean stomach content (volumetric %) per fish size class (1 cm increments in total 
length) in different habitats for small and large food items (see Materials and methods for de-
tails) for a) Lethrinus harak, b) Lethrinus lentjan, and c) Lutjanus fulviflamma. Continuous and 
dashed lines are fitted regression lines based on a power function; associated r2-values are 
shown as well. Fine dotted lines indicates the proportion of large food items in the diet at the 
onset of habitat migration, as defined by 25% of the fish density observed in adult habitat; it 
was determined from Fig. 6 (see Materials and methods for clarification). Mg = mangrove, Sg = 
seagrass, Cr = coral reef, * = p < 0.01, ** = p < 0.001
Figure 3: Density (m-2) of predominantly consumed small and large food items in different 
habitats (epifauna). The different food categories are similar to those used in Fig. 2 (see Ma-
terials and methods for details). The different letters represent significant differences among 
habitats (p < 0.05), based on Gabriel or Games-Howell post-hoc tests. Decapods consist of crabs 
and shrimp. Mg = mangrove, Sg = seagrass, Cr = coral reef
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individual fish was estimated for each habitat. Only commonly-consumed 
large prey items were included. A food item was considered common if 
at least 25% of all stomachs analyzed contained at least 10% volume of 
that particular food item (see Supplementary Table 1). These were large 
crustaceans for all fish species in all habitats, in addition to Mollusca and 
Echinoidea for L. harak on the reef, Echinoidea for L. lentjan on the reef, and 
worms for L. lentjan on the seagrass beds. Total density of large food items 
for the respective fish species in the respective habitats (mangrove, sea-
grass, and coral reef) was then divided by the total density of fish > 5 cm 
total length in the respective habitat per species. A cut-off size of 5 cm was 
used as at this size fishes had largely shifted in diet to larger prey items 
(see results section). A chi-square test was used to determine whether food 
density per fish differed among habitats.
For each species, fish growth was modeled using the Von Bertalanffy 
Growth Function, Lt = L∞[1- e
-k(t-t0)], where Lt = length at time t, L∞ = the 
theoretical maximum length, k = a growth coefficient (the rate at which 
length approaches L∞), t = fish age in years, and t0 = theoretical time at age 
0. However, because growth is completed over several habitat types, dif-
ferences in growth between habitats for each species (e.g., seagrass versus 
mangrove) were evaluated using analysis of covariance (ANCOVA) com-
bined with Tukey’s post-hoc tests. In these models, TL was the dependent 
variable, log10(age) was a covariate, and habitat type was a categorical 
variable (Rypel, 2011).
For maturity analysis, proportions of immature (stages I and IIa) and 
mature (III, IV, V, VI and IIb) individuals were computed per size class 
(1 cm increments) per habitat. The proportion of mature individuals (%) 
were plotted as a function of total fish length (cm) and fitted with a sig-
moid logistic function of the form: y = A2 + (A1-A2)/(1 + (x/x0)p) (where A1 
= max, A2 = min, and p = 3 are constants). Fish density in the adult habitat 
(i.e., shallow and deep coral reefs and deep mud flats pooled) were aver-
aged per centimeter, expressed as a percentage of the total density of all 
habitats for the respective size class, and also fitted with a sigmoid logistic 
curve. The size at which fish initiate migration from juvenile to adult habi-
tat was defined as the size (total length) at which 25% of the total density 
occurred in the adult habitat.  
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RESULTS
Ontogenetic diet shifts
Stomach content analysis did not reveal any ontogenetic diet shifts 
from small to large prey items for any of the fish species. The majority 
of size classes of fish from the different habitats consumed almost exclu-
sively large prey items, such as fish, brachyuran crabs, or shrimp in all 
three habitats, and additionally worms, molluscs, or echinoids on the reef 
(Supplementary Table 1). The only small food item that was consumed in 
considerable quantities (> 20% mean stomach content) was Amphipoda, 
but only by the smallest size class of fish caught from the mangrove or sea-
grass habitat. ANOSIM of fish diet composition showed lack of an overall 
size class effect: Lethrinus harak (Global R = 0.73, p = 0.038, but all post-hoc 
tests p > 0.333), L. lentjan (R = -0.46, p = 0.877), and Lutjanus fulviflamma (R 
= 0.35, p = 0.020, but all post-hoc tests p > 0.333). Cluster analysis grouped 
fish size classes into several clusters (Supplementary Fig. 1), but diet differ-
ences among these clusters were only based on differences in proportions 
of specific large prey items consumed (Supplementary Table 1). Habitat 
type had a small, but significant effect on diet composition of only Lethri-
nus lentjan (R = 0.56, p = 0.002), however, this effect was confounded by 
size due to almost complete lack of overlap of size classes across habitats 
(Supplementary Table 1). No habitat effect was found for Lethrinus harak 
(Global R = 0.02, p = 0.375) or Lutjanus fulviflamma (R = 0.05, p = 0.308).
The importance of large food items increased significantly in all habi-
tats and species (Fig. 2). L. harak > 13 cm fed entirely on large prey items 
(100%) in the seagrass. A similar trend was also observed on the coral reef 
where the importance of worms, mollusks and echinoderms increased 
(Supplementary Table 1). For L. lentjan, the large prey items consumed 
were composed mainly of large crustaceans and fish, and in the seagrass 
beds also of worms. L. lentjan consumed large proportions of echinoderms 
(35–80%) on the coral reef. L. fulviflamma > 9 cm fed for > 80%, on average, 
on large prey items in the seagrass and coral reef; these consisted mainly of 
fish, crabs, and shrimps with varying proportions per size class and habitat. 
All three species showed a significant decrease in the proportion of 
small food items consumed with body size (Fig. 2). The ontogenetic diet 
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Figure 4: Number of large food items available per individual fish in dif-
ferent habitats for a) Lethrinus harak, b) Lethrinus lentjan, and c) Lutjanus 
fulviflamma. Chi-square and p-values are provided per species. Mg = 
mangrove, Sg = seagrass, Cr = coral reef
Fig. 5: Length-at-age for a) Lethrinus harak, b) Lethrinus lentjan, and c) 
Lutjanus fulviflamma in various habitats fitted to an exponential function 
(Von Bertalanffy Growth Function) with associated r2-values. Mg = man-
grove, Sg = seagrass, Cr = coral reef
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shift from small to large prey items was evident at a very early life stage 
(~5 cm), well before the ontogenetic movement to the coral reef seemed to 
occur (see Fig. 6). The size at which ~25% of the total fish density was ob-
served in the adult habitat (indicating an approximate start of ontogenetic 
niche shifts), coincided strongly with feeding on large food items (65–90% 
of the stomach content as predicted by the allometric regression line, Fig. 
2).
Abundance of prey items
The mean density of large prey items differed significantly among 
habitats for decapods and echinoids (nested ANOVA, F2,14.4 = 5.225, p = 
0.020 and F2,21.8 = 4.322, p = 0.026, respectively). Decapods and echinoids 
were significantly more abundant on coral reefs than in mangroves and 
seagrass beds (Fig. 3, Gabriel post-hoc tests, p < 0.015 and p < 0.050, respec-
tively). Molluscs showed no overall significant habitat differences (nested 
ANOVA, F2,12.9 = 1.834, p = 0.199) but had a significant nested term (F11,17 = 
2.768, p = 0.029) indicating that at some sites there were among-habitat dif-
ferences: molluscs were more abundant on Kunduchi seagrass bed (mean 
±SD = 112.0 ±67.9) than at Mbudya and Bongoyo (76.9 ±26.9 and 24.2 ±14.4 
respectively). Amphipods were significantly more abundant on coral reefs 
than in the mangroves (Games-Howell post-hoc test, p = 0.048; Fig. 3). 
The abundance of large food items available per individual fish in 
the different habitats was highest in the intertidal mangroves, followed by 
the coral reef for L. harak and L. lentjan (Fig. 4). For L. fulviflamma, on the 
other hand, most food was available per individual in the seagrass beds, 
followed by the coral reef. Chi-square tests indicated that the amount of 
food available per individual fish was significantly different among habi-
tats for all fish species (see Fig. 4). 
Growth
The Von Bertalanffy growth coefficients for L. harak, L. lentjan and 
L. fulviflamma were Lα = 49.2, 46.1, and 21.1, K = 0.07, 0.06, and 0.32, To = 
-2.00, -2.76, and -0.70, respectively. Growth was significantly higher for fish 
from the coral reef compared to those from the seagrass beds or mangroves, 
for each of the three fish species (Fig. 5, Table 2). For L. fulviflamma, size at 
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age was also significantly higher for seagrass fish than for mangrove fish. 
Furthermore, while size at age was significantly highest on the reef for this 
species, the slope of the reef length-at-log10(age) regression was lower for 
this species indicating a reduced rate of growth for larger fish.
Figure 6: Maturity (% mature) and relative fish density in adult habitats (from 
visual census surveys; see Materials and methods) as a function of fish size, 
fitted with sigmoid logistic curves for a) Lethrinus harak, b) Lethrinus lentjan, 
and c) Lutjanus fulviflamma, with associated r2-values. ** = p < 0.001, Mg = man-
grove, Sg = seagrass, Cr = coral reef, Density = fish density in adult habitat
Table 2. Results of ANCOVA evaluating growth differences for three species 
among habitat types. Cr = coral reef; Sg = seagrass; Mg = mangrove
Model Cr Cr Mg
Species F P R2 Log Age
vs
Sg
vs
Mg
vs
Sg
L. harak 657 < 0.001 0.94 < 0.001 0.03 0.02 0.66
L. lentjan 2267 < 0.001 0.96 < 0.001 < 0.001 N/A N/A
L. fulviflamma 1596 < 0.001 0.94 < 0.001 < 0.001 < 0.001 0.001
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Maturation
Maturation was a function of size and not of habitat. A sigmoidal 
curve best explained the variability of the data (r2 > 0.97) and all fitted 
curves were significantly different from zero (Fig. 6). The size at which 
fish attained maturity did not vary significantly among habitats for any 
of the species (ANCOVA, F = 0.938, 1.500 and 0.864 for L. harak, L. lentjan 
and L. fulviflamma, respectively; p > 0.236). The size at first maturity (L50), 
defined as the size at which 50% of all individuals were mature, varied by 
< 1 cm among habitats for Lethrinus lentjan (14.0 and 14.7 cm in seagrass 
beds and on coral reefs, respectively) and for Lutjanus fulviflamma (15.8, 
and 16.0 cm in the mangroves, and seagrass beds, respectively). In all cases, 
L50 occurred at a larger body size than that at which individuals appeared 
to move to the adult habitat (Fig. 6). No significant differences were found 
in maturity at size between female and male fish within habitats for any of 
the species (ANCOVA, F = 0.001, 0.183 and 4.039 for L. harak, L. lentjan and 
L. fulviflamma, respectively; p > 0.079 for all species and habitats), and the 
L50 values were similar for male vs. female fish (differences between male/
female L50 across habitats and species were < 1cm).
DISCUSSION
Studies on drivers of ontogenetic shifts have generally focused on 
single drivers (e.g. diet – Cocheret de la Morinière et al., 2003, maturation 
– Sheaves, 1995, or predation – Dahlgren and Eggleston, 2000; Hammer-
schlag et al., 2010a). Yet the current study suggests that neither diet shifts 
nor maturation are key triggers of cross-habitat migration for a suite of 
reef fishes. Rather, ontogenetic diet shifts from small to large prey items 
occurred at a relatively small size (approx. ≤ 5 cm body length) and thus 
well prior to ontogenetic habitat shifts (occurring at ~ 11–15 cm), and fish 
matured at sizes larger than at which they moved to adult habitat. 
Ontogenetic diet shifts have historically been viewed as a tipping 
point for ontogenetic niche shifts in diverse ecosystems (Holbrook and 
Schmitt, 1992; Hyndes et al., 1997; Moura et al., 2008; Roznik et al., 2009; 
Hultgren and Stachowicz, 2010). Yet in our study, both small and large 
food items were significantly more abundant but juvenile fish densities 
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lower on the coral reef than in any of the putative nursery habitats. This 
suggests that food abundance is not directly driving ontogenetic niche 
shifts in these fishes (this study) as was also found  in a similar study in 
the Caribbean region (Grol et al., 2008). The ideal free distribution theory 
(Fretwell and Lucas, 1970) predicts that foragers are distributed across 
habitat patches in proportion to their food supply. Ontogenetic diet shifts 
to larger prey items occurred at a size of < 5 cm and it would be expected 
that larger juveniles occupied, and fed on, coral reefs where preferred food 
is more abundant. However, this was not the case, indicating that factors 
other than food abundance are more likely interacting with niche shifts. 
Likewise, per individual fish there were more food items available 
for Lethrinus harak and L. lentjan on the reef than in seagrass beds, indicat-
ing that colonization of the latter by juveniles is not based on selection of 
optimal feeding habitat for these two species. Food availability per fish 
was even higher in the mangroves than on the reef.  However, mangroves 
are never permanently available as a habitat because of high tidal ranges in 
the study area (~ 4 m), and these species do not favor mangroves as a juve-
nile habitat in this area (Kimirei et al., 2011). In contrast, for L. fulviflamma 
the seagrass bed offered more food items per individual fish than reef, al-
though this was not reflected in the respective growth rates, which were 
higher on the reef. Hence, the widely acknowledged claim that nursery 
habitats are favored by juvenile fishes because of high food abundance (e.g. 
Robertson and Blaber, 1992; Blaber, 2000; Verweij et al., 2006) which would 
support faster growth, is not supported by our study  A comparison of  the 
potentially available amount of prey items available per individual fish, 
and the realized growth rates among habitats, provides further support 
that food availability was not the proximate driver for habitat utilization. 
High predation-risk habitats and ecotones are normally avoided by 
individuals or size classes of fish that are predation-prone, regardless of 
the advantages these habitats offer in terms of food abundance (Werner 
and Hall, 1988; Dahlgren and Eggleston, 2000; Hammerschlag et al., 2010b; 
Hammerschlag et al., 2010a). Predation risk is typically higher on coral 
reefs than in back-reef or lagoon  areas (Chittaro et al., 2005; Dorenbosch et 
al., 2009; Grol et al., 2011) and in transition zones between refuge and feed-
ing habitats (Hammerschlag et al., 2010b), due to high predator abundanc-
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es. In the present study, fish most likely traded off fast growth for safety by 
avoiding high predation-risk habitats (coral reef) and living in relatively 
slow-growth environments (mangroves and seagrass beds). It is therefore 
likely that the decision to settle into or use a juvenile habitat is taken after 
a careful weighing of growth potential vs. predation-risk, while ontoge-
netic movement to reef habitats occurs once individuals attain a size large 
enough to reduce predation risk (Grol et al., 2011). Although we did not 
measure the effect of predators on ontogenetic niche shift in the current 
study, it is likely that size-specific habitat shifts were mediated directly by 
predation, while the ultimate need to shift habitats was driven by differ-
ences in food abundance.
Other physiological changes may also influence ontogenetic niche 
shifts (Cocheret de la Morinière et al., 2002; Haywood and Kenyon, 2009; 
Kotrschal and Taborsky, 2010) and gonadal development has been sug-
gested as one potential factor (Grol et al., 2011). Yet the size at first maturity 
(L50) did not vary significantly among habitats for any of the species in our 
study, indicating that maturation was a function of body size independent 
of habitat type. Our study therefore suggests that investment into gonad 
maturation is similar across habitats, even in juvenile habitats with less 
food and lower fish growth rates. Furthermore, the size at which most in-
dividuals moved into adult habitats was somewhat smaller than the size 
at first maturity, suggesting that sexual maturity may be less important as 
a driver of ontogenetic niche shift, and further indicating that factors other 
than diet and maturation drive ontogenetic niche shifts for these species. 
CONCLUSIONS
 Ontogenetic diet shift and gonad maturation did not appear to be 
important drivers of ontogenetic niche shifts in the current study. Food 
abundance and growth were higher in adult than juvenile habitat, but it is 
likely that predation risk inhibited a shift to the more profitable habitat. So 
although predation risk could potentially be an important regulating fac-
tor, it seems to act more as an inhibitor of niche shifts while high growth 
potential is the ultimate initiator  for such shifts. 
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Supplementary Table 1. Mean percent volume of food items identified from 
stomach content analysis per fish size class (2.5 cm increments in total length) 
of each fish species in the three habitats. Unidentified animal items are grouped 
as “Unidentified animal material”. The category “Others” refers to food items 
whose mean contribution to the diet was < 10% (i.e., macro-algae, unidentified 
plant material, seagrass, detritus, Nemertea, sand, larvae, and Nematoda), while 
the “other” category under “small Crustacea” include Copepoda, Isopoda, Tan-
aidacea, Cumacea, Mysidacea, and Ostracoda. “Annelids” comprise Polychaeta 
and Oligochaeta. All diet items representing ≥ 10% percent volume of food items 
are highlighted in gray
Sp
ec
ie
s
H
ab
ita
t Small crustacea Large crustacea Unidentified 
size class n Amphi-pods Other Crabs Shrimps Fish
Mol-
luscs
Echi-
noids
Anne-
lids Others
animal 
material
Le
th
rin
us
 h
ar
ak
MG   2.5 - 5.0 3 6.7 0.0 16.7 50.0 0.0 0.0 0.0 0.0 3.3 23.3
  5.0 - 7.5 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Sg   5.0 - 7.5 3 0.0 10.0 23.3 3.3 32.7 0.0 0.0 0.0 0.0 30.7
  7.5 - 10.0 8 26.3 0.0 25.0 0.0 12.5 0.0 0.0 0.0 0.0 36.3
10.0 - 12.5 9 3.9 0.6 22.2 22.8 0.0 0.0 0.0 0.0 2.2 48.3
12.5 - 15.0 7 0.0 0.0 14.3 14.3 0.0 2.9 0.0 41.4 0.0 27.1
15.0- 17.5 1 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17.5 - 20.0 1 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
20.0- 22.5 1 0.0 0.0 0.0 0.0 98.0 0.0 0.0 0.0 2.0 0.0
22.5 - 25.0 1 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cr 25.0 - 27.5 2 0.0 0.0 50.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0
27.5 - 30.0 8 0.0 0.0 28.8 3.8 12.5 16.3 17.5 21.3 0.0 0.0
30.0 - 32.5 7 0.0 0.0 40.0 14.3 0.0 15.7 18.6 0.0 0.0 11.4
32.5 - 35.0 1 0.0 0.0 0.0 0.0 0.0 80.0 0.0 20.0 0.0 0.0
37.5 - 40.0 2 0.0 0.0 0.0 0.0 50.0 45.0 0.0 5.0 0.0 0.0
Le
th
rin
us
 le
nt
ja
n
Mg   2.5 - 5.0 1 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
  7.5 - 10.0 1 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
Sg   5.0 - 7.5 11 0.8 0.0 16.7 8.3 0.4 0.0 5.8 36.7 0.0 31.3
  7.5 - 10.0 32 0.9 0.2 12.2 6.9 6.6 3.1 0.5 26.4 3.4 39.8
10.0 - 12.5 18 0.0 3.7 5.3 0.0 34.7 0.0 0.3 2.9 5.8 47.4
12.5 - 15.0 6 0.0 0.0 21.4 30.0 20.0 0.0 0.0 14.3 0.0 14.3
20.0- 22.5 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0
Cr 15.0- 17.5 2 0.0 0.0 5.0 0.0 50.0 0.0 45.0 0.0 0.0 0.0
17.5 - 20.0 1 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20.0- 22.5 15 0.0 0.3 6.7 5.3 8.0 0.0 73.0 0.0 0.0 0.0
22.5 - 25.0 24 0.0 0.0 23.3 6.7 0.6 0.8 64.4 0.0 0.0 0.0
25.0 - 27.5 14 0.0 0.0 12.9 21.4 4.3 2.9 58.6 0.0 0.0 0.0
27.5 - 30.0 8 0.0 0.0 9.4 13.8 0.0 0.0 76.9 0.0 0.0 0.0
30.0 - 32.5 3 0.0 0.0 6.7 0.0 13.3 0.0 80.0 0.0 0.0 0.0
32.5 - 35.0 2 0.0 0.0 25.0 35.0 5.0 0.0 35.0 0.0 0.0 0.0
37.5 - 40.0 1 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0
Lu
tj
an
us
 fu
lv
ifl
am
m
a
Mg   0.0 - 2.5 2 25.0 65.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0 0.0
  2.5 - 5.0 117 14.2 10.5 10.2 15.9 6.0 1.4 0.9 7.0 2.6 30.8
  5.0 - 7.5 99 5.8 5.4 23.5 18.2 16.5 3.2 0.1 8.3 1.9 17.1
  7.5 - 10.0 34 6.2 0.6 18.1 25.6 16.1 0.0 0.0 10.9 0.9 21.8
10.0 - 12.5 4 0.0 0.0 0.0 25.0 70.0 0.0 0.0 0.0 0.0 5.0
12.5 - 15.0 1 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0
Sg   2.5 - 5.0 30 22.3 8.7 9.2 26.5 0.0 0.8 0.0 9.0 1.2 21.2
  5.0 - 7.5 42 2.8 3.4 18.9 28.4 11.2 0.0 0.0 7.5 0.0 27.8
  7.5 - 10.0 44 3.3 7.8 8.5 26.0 29.9 0.0 1.1 3.6 1.4 18.3
10.0 - 12.5 14 2.9 1.4 29.3 17.9 33.2 0.0 0.0 0.0 1.1 14.3
12.5 - 15.0 2 0.0 0.0 50.0 0.0 50.0 0.0 0.0 0.0 0.0 0.0
15.0- 17.5 12 0.0 0.8 27.8 0.0 30.8 0.0 0.0 1.7 5.8 33.0
17.5 - 20.0 14 0.0 7.1 32.1 28.6 14.3 7.1 0.0 7.1 0.0 3.6
20.0- 22.5 2 0.0 0.0 38.0 20.0 42.0 0.0 0.0 0.0 0.0 0.0
Cr 15.0- 17.5 5 0.0 0.0 70.0 10.0 20.0 0.0 0.0 0.0 0.0 0.0
17.5 - 20.0 15 0.0 0.3 32.3 40.7 20.0 6.7 0.0 0.0 0.0 0.0
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Supplementary Figure 1: Non-metric multi-dimensional scaling plots based on simi-
larity in diet composition of different size classes of fish in mangrove, seagrass and 
coral reef habitats for a) Lethrinus harak, b) Lethrinus lentjan, c) Lutjanus fulviflamma. 
Circles show clusters at 65% similarity. Mg = mangrove, Sg = seagrass, Cr = coral reef
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ABSTRACT
Mangroves and seagrass beds have long been perceived as impor-
tant nurseries for many commercially important reef fishes. While there 
is growing evidence from mainly the Caribbean region that mangrove 
habitats are intricately connected to coral reefs through ontogenetic fish 
migrations, there is an ongoing debate of the value of these coastal ecosys-
tems in the Indo-Pacific. Due to a very different environmental setting of 
Indo-Pacific mangroves compared to the Caribbean and lack of long-term 
tagging studies to investigate ontogenetic movement, current evidence in 
support of a nursery role of mangrove habitat for reef fish is inconclusive 
in this region. The present study used natural tags, viz. otolith stable car-
bon and oxygen isotopes, to investigate the degree to which mangroves 
contribute to coral reef fish populations in the western Indian Ocean. Oto-
liths of three reef fish species (Lethrinus harak, L. lentjan and Lutjanus ful-
viflamma) were collected in mangrove, seagrass and coral reef habitats in 
coastal waters of Tanzania and analyzed for differences in stable isotope 
signatures in the juvenile and adult otolith zones. δ13C signatures were 
significantly depleted in the juvenile compared to the adult zones, indica-
tive of different habitat use by juvenile and adult reef fish. The discrimina-
tion accuracy among habitats based on δ13C and δ18O was high (>70%) for 
all species. Maximum likelihood analysis identified that 87% of L. harak 
adults collected from coral reefs had resided in mangrove (42%) and sea-
grass (45%) habitats as juveniles. Of adult reef L. fulviflamma, 45% passed 
through mangroves habitats as juveniles. In contrast, L. lentjan adults origi-
nated predominantly from the coral reef (87%). This study is one of the 
first to present conclusive evidence for a nursery role of Indo-Pacific man-
grove habitats for reef fish populations. It shows that intertidal habitats 
that are only temporarily available form an important habitat that is used 
to complete the juvenile life cycle. Maintaining connectivity between in-
shore vegetated habitats and coral reefs is therefore a major priority for the 
sustainability of stocks of some Indo Pacific fish species, considering that 
these habitats are threatened by high exploitation pressure, anthropogenic 
impacts, and climate change.
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INTRODUCTION
Mangroves and seagrass beds are widely acknowledged as impor-
tant nursery habitats for reef fish species, most of which are important to 
fisheries (Muhando et al., 2001; Blaber, 2009). These ecosystems are, how-
ever, highly affected by anthropogenic stressors (especially unsustain-
able fishing practices: Blaber, 2009) and climate change related pressure 
(e.g. coral bleaching and sea level rise: Baker et al., 2008; Gladstone, 2009; 
Mahongo, 2009; Donelson et al., 2010). Beach seining on seagrass beds, 
dynamite fishing on coral reefs, clear-cutting of mangroves for salt- and 
charcoal-making and hotel building (Mwandya et al., 2009) are among the 
anthropogenic stressors affecting these important ecosystems. Conserva-
tion and management of these habitats and their fisheries is driven by the 
importance of these habitats to juvenile fishes and the biological connectiv-
ity among coastal ecosystems that enhance their productivity and biodi-
versity. Likewise, designation and sustainability of marine protected areas 
(MPAs) can be improved by knowledge accrued from habitat connectivity 
studies. Because species that undergo ontogenetic habitat shifts cannot be 
conserved and/or managed from protecting a single habitat, protection of 
a habitat mosaic is important (Sheaves, 2005, 2009).
Until recently, only indirect and circumstantial evidence existed in 
support of the hypothesis that coral reef fishes use mangroves and seagrass 
beds as essential juvenile habitat. Evidence was mostly based on density 
data (see review by Nagelkerken, 2009), which does not rule out that other 
explanations, such as differential growth or mortality rates that result in 
different size distributions among habitats (Gillanders, 1997). Long-term 
movement data to support ontogenetic cross-ecosystem shifts is difficult 
to obtain as artificial tags are either not suitable for use in juvenile fishes or 
for long-term tracking. As a result, the focus has recently been on the use 
of natural tags, such as stable isotope signatures in fish muscle tissue and 
ear-bones (otoliths) or elemental composition of otoliths (Gillanders, 2009).
During residence in a particular habitat, fish incorporate elements 
or stable isotopes from dissolved inorganic carbon from the water layer in 
their otoliths. Coastal habitats show clear differences in the composition 
of their water bodies (Elsdon and Gillanders, 2003; Chittaro et al., 2004; 
Thorrold et al., 2007). Otoliths are metabolically inert, which means that 
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they can provide a detailed history of habitats in which an organism has 
resided. Therefore, it is a very suitable method to support ontogenetic hab-
itat movements (Campana et al., 1999). Otolith stable carbon and oxygen 
isotope ratios, as well as otolith elemental chemistry, have been used to 
successfully trace migration patterns (Gillanders, 2005; Rooker et al., 2008; 
Verweij et al., 2008; Mateo et al., 2010; Rooker et al., 2010). The use of el-
emental chemistry is less suitable for non-estuarine tropical environments 
as the water chemistry of juvenile vs. adult habitat is usually more uniform 
(Chittaro et al., 2004) compared to those located along a gradient from 
fresh to marine waters in estuarine regions. This is not the case for stable 
isotope signatures of tissue or otoliths, such as 12C/13C ratios, which clearly 
differ among different vegetated habitats (Lugendo et al., 2007; Nakamura 
et al., 2008). Yet, the use of tissue stable isotopes to trace movements is 
only of use to show recent immigration into adult habitat as the signatures 
remain in the tissue for only several weeks or months after food consump-
tion (Rubenstein and Hobson, 2004). 
Very recently a few studies have provided convincing evidence of 
permanent ontogenetic movement from mangrove/seagrass nurseries to 
adult offshore habitat (Verweij et al., 2008; Mateo et al., 2010; McMahon 
et al., in press). Just as is the case for nursery-related studies based on fish 
density data, the focus has been almost completely on the Caribbean re-
gion, while the much larger Indo-Pacific remains largely unstudied. There 
is no a priori reason to believe that coastal seascapes in the Indo-Pacif-
ic are connected in similar ways by fish movements as in the Caribbean. 
The function of shallow-water ecosystems as juvenile habitat depends on 
habitat availability and accessibility (Nagelkerken et al., 2008a). Unlike in 
the Caribbean where shallow-water habitats (especially mangroves) are 
permanently available to juvenile fish (see reviews by Nagelkerken et 
al., 2008b; Nagelkerken, 2009), Indo-Pacific mangrove systems are mostly 
available to fish only during high tides (Vance et al., 1996; Unsworth et al., 
2007). Also the arrangement of mangroves and seagrass beds in relation to 
reef habitats within the coastal seascape can profoundly affect the degree 
and type of ecological and biological connectivity between these habitats 
(Pittman and McAlpine, 2001; Sheaves, 2005; Dorenbosch et al., 2006b; 
Sheaves, 2009). In the Indo-Pacific region, vegetated habitats are often 
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more intermixed compared to Caribbean islands where they are spatially 
separated, while the much larger tidal ranges in the Indo-Pacific facilitates 
non-ontogenetic fish movements (Unsworth et al., 2007). The large tidal 
range also contributes to stable isotope signatures showing more overlap 
among different habitats due to tidal exchange of water bodies between 
habitats (Lugendo et al., 2006; Kruitwagen et al., 2010).
Even though the Indo-Pacific region harbors vast areas of man-
groves and tropical seagrass beds, our understanding of the nursery role 
of these habitats in this region remains rudimentary. Based on fish density 
data there has been a long standing debate of this function (see review by 
Faunce and Layman, 2009; Nagelkerken, 2009). The consensus from most 
studies is that Indo-Pacific mangroves play a minor role as important ju-
venile habitat for reef or offshore fish species (Thollot, 1992; Laroche et al., 
1997; Sheaves, 2001). Nagelkerken (2009) argued, however, that the appar-
ent disparity between the two biogeographic regions is based on an inva-
lid comparison, confounded by differences in tidal range (low vs. high), 
salinity (estuarine vs. marine), and spatial setting (island vs. continental 
coastlines). Another questionable argument that has been used in relation 
to nursery function is that relatively few Indo-Pacific fish species depend 
on mangrove habitats. However, if these few species are of high commer-
cial importance, are highly abundant species, or fulfill important ecological 
roles, then they can have important impacts of ecosystem production, func-
tioning, and resilience (Mumby and Hastings, 2008; Nagelkerken, 2009).
Recent studies have suggested that Indo-Pacific mangroves poten-
tially function as important nurseries for reef fishes. For example, multiple 
species are found only in these habitats during their juvenile stage (Doren-
bosch et al., 2007b; Nakamura and Tsuchiya, 2008; Kimirei et al., 2011), 
while isolated reefs show significantly lower densities of such species than 
reef directly adjacent to these ecosystems (Dorenbosch et al., 2007a). The 
objective of this study, therefore, was to test to which degree a suite of 
Indo-Pacific reef fish species pass through this putative nursery habitat. 
We analyzed a robust data set of otoliths from several Indo-Pacific coral 
reef fish species for stable isotope signatures in order to determine wheth-
er mangroves and in addition seagrass beds, as opposed to or coral reefs, 
serve as critical habitats for their juveniles. 
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Fig. 1: Map of study area. Reef contours (approximately 17 m depth) are 
indicated by thick black lines. Hatched area indicates location of the man-
grove forest. SgK = seagrass bed Kunduchi. Black dots represent fish col-
lection sites
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METHODOLOGY
Study area and species
The Kunduchi area, in Dar es Salaam, Tanzania, where the study was 
conducted has a mangrove-lined creek (Manyema Creek), an extensive 
nearshore seagrass bed, offshore islands with shallow fringing coral reefs 
which are separated from the mainland by a 15 m deep channel running 
almost parallel to the coastline, and several offshore submerged deep coral 
reefs (Figure 1). The mangroves are dominated by Sonneratia alba along 
the sides of the Manyema creek (Figure 1). The creek receives substantial 
freshwater input only during heavy rainfall. The nearshore seagrass bed at 
Kunduchi and the island reefs lie at 0.5–5 m and 2–4 m depth, respectively, 
depending on the tides, while the deep coral reefs are found at 15–20 m 
followed by mudflats at greater depths (Kimirei et al., 2011).
Three fish species, viz. Lethrinus harak, L. lentjan, and Lutjanus fulvi-
flamma, were selected for this study. Studies based on size-frequency data 
suggest that these species undergo ontogenetic juvenile-to-adult habitat 
shifts (Nakamura and Tsuchiya, 2008; Unsworth et al., 2008a; Unsworth 
et al., 2008b; Kimirei et al., 2011). Fishes were collected from three differ-
ent habitats (mangroves, nearshore seagrass beds, and island and offshore 
deep coral reefs) (Table 1). Shallow island reefs are referred to as a ‘island’ 
reefs hereafter, while deep submerged offshore reefs are referred to as ‘far’ 
reefs. While reef L. lentjan and L. fulviflamma were caught from far reefs, 
Table 1 The number of individuals collected per habitat and species per year. Cr = 
coral reef; Sg = seagrass bed; Mg = mangroves
 Year Lethrinus harak
 
 Lethrinus lentjan Lutjanus fulviflamma
Cr Sg Mg Cr Sg Mg Cr Sg Mg
2007 - 3 - - - - - - -
2008 1 5 9 1 12 4 - 7 6
2009 22 28 - 1 6 - - - -
2010 - - - 19 - - 15 - -
Fish size 
range (cm)
24.6-
39.6
8.2-
25.2
3.3-
6.2
17.0-
38.4
8.0-
20.4
3.8-
9.0
16.7-
20.0
17.0-
20.9
4.0-
4.8
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reef L. harak were caught from the island reef of Mbudya Island. Fishes 
from the mangrove habitat were collected with a 1 x 10 m seine net which 
was dragged against the current during outgoing tide, and hook and line 
angling. Fishes from the seagrass beds were purchased from local fisher-
men that utilized beach seines at low tide. Specimens from the coral reef 
were caught using a spear gun. When possible, they were collected 1–2 
years after juveniles had been collected from mangrove/seagrass habitats 
to match yearly cohorts as much as possible. All specimens were measured 
for total lengths and weights before the sagittae otoliths were removed, 
cleaned and stored pending analysis.
Otolith analysis
Fish otoliths of all collected individuals were measured to the near-
est mm. Otolith size was used as a proxy for fish length; regression analy-
sis showed a high correlation between the two variables (0.87 ≤ R2 ≤ 0.90, 
p < 0.001; for all species). After cleaning with deionized water, otoliths 
were mounted on glass plates and embedded in Araldite resin. The em-
bedded otoliths were then cross-sectioned in the transverse plane through 
the core. For juvenile fishes from the mangroves and seagrass bed the oto-
lith margin reflecting the current habitat was analyzed. For larger fishes 
from the reef, the juvenile zone (which is the area directly adjacent to the 
core) reflecting earlier life in the putative nurseries, and the otolith margin 
reflecting the adult habitat, were both analyzed. The width of the juvenile 
zone in adult otoliths was estimated from the mean otolith width of the 
mangrove/seagrass juvenile fish. For large L. harak (≥15 cm, TL) from the 
seagrass beds, both the inner and outer zones were also analyzed to deter-
mine the degree to which large seagrass fish had spent their early juvenile 
life in mangrove habitat.
The sectioned otoliths were drilled with a micromill that produced 
otolith CaCO3 powder from a crater with a diameter of approximately 0.35 
mm. Two craters were drilled per sample on opposite sides of the cross 
section to provide enough otolith powder for analysis. For each otolith, the 
powdered material (weight ≥ 10 µg) was collected with a scalpel and put 
into a glass tube that was ready for analysis. A few drops of pure (100%) 
orthophosphoric acid were added to the tube containing the powder to 
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dissolve all CaCO3 at 80 °C. The isotope ratios of 
12C/13C and 16O/18O of 
the released CO2 were measured using a Gas Bench mass spectrometer 
equipped with an automated carbonate extraction line (Kiel device). The 
NIST SRM 8544 (NBS 19) was used as a carbonate standard, which was 
routinely monitored during sample runs. The precision of analyses based 
on the measurements of this standard was within 0.05‰.
Data and statistical analysis
The d13C and d18O signatures of the juvenile (inner) otolith sections 
from adult reef fish were compared to that of the outer otolith section from 
juvenile fish collected from mangrove or seagrass habitats to determine 
whether adult fish had passed through either of these juvenile habitats. 
First, it was established whether there were any ontogenetic effects on oto-
lith d13C and d18O. Linear regressions were run between d13C/d18O and fish 
size per species per habitat. MANOVA and two sample t-test were used 
to test for year effects on otolith d13C and d18O signatures for L. harak and L. 
lentjan from the seagrass beds which were collected in several years. Sub-
sequently, MANOVA was used to test for spatial variability in otolith δ13C 
and δ18O between habitats. We tested for significant differences in otolith 
d13C and d18O between the juvenile signatures of mangrove and seagrass 
fish, and the adult signatures of coral reef fish. The data were log(-x+1)-
transformed before analysis as this provided the best transformation to 
meet the MANOVA assumptions. A Gabriel post-hoc test was used for 
comparison of means, while a Games-Howell post hoc test was used when 
the requirement for homogeneity of variance was violated. Significance 
levels of p < 0.05 were used in all tests. Additionally, a quadratic discrimi-
nant function analysis (QDFA) was used to examine classification success 
of assigning individuals to their known origin. SPSS 16 for Windows was 
used for all analyses (Field, 2005). 
A maximum likelihood analysis (MLA) ‘HISEA’ developed by Millar 
(1990) was used to determine the proportion of adult fish originating from 
the different habitats. Juvenile otolith signatures of mangrove and seagrass 
fish and adult otolith signatures of coral reef fish were used as baseline 
data in the analysis. Signatures from the inner (juvenile) part of adult reef 
fish otoliths were used as the unknown mixed dataset to estimate the ori-
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gin of these fishes. To determine in which habitat adult L. harak, collected 
in seagrass habitat, had spent their juvenile stage, juvenile seagrass and 
mangrove signatures were used as a baseline, and adult outer margins as 
unknown mixed sample. Maximum likelihood estimates and standard de-
viations were generated in HISEA by bootstrapping with 500 simulations. 
RESULTS
No significant or strong correlation was found between fish size and 
otolith d13C or otolith d18O signatures within habitats for any species or 
habitat type (linear regressions, 0.02 < R2 < 0.35, p > 0.049 for d13C, and -0.06 
< R2 < 0.82, p > 0.064 for d18O), thus differences between juvenile and adult 
Figure 2: Otolith δ13C and δ18O from the outer otolith margins of juvenile fish 
from mangroves (Mg) and seagrass (Sg) habitats, and from the outer margins of 
coral reef adults (Cr) for a) Lethrinus harak, b) Lethrinus lentjan, c) Lutjanus fulvi-
flamma, and d) averaged per habitat for each of the species(LH = L. harak, LL = L. 
lentjan, LF = L. fulviflamma)
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otolith signatures were not caused by somatic growth. For fish collected in 
the seagrass bed in different years, differences were found for otolith d13C 
and d18O of L. harak and d18O for L. lentjan. While the d13C values in 2007 
were highly enriched in the seagrass bed compared to 2008 and 2009 for L. 
harak (Gabriel post-hoc test, p < 0.006), d18O values were highly depleted 
in 2009 in comparison with other years (Gabriel post-hoc test, p < 0.013). 
For L. lentjan, the d18O signature was significantly enriched in 2008 (mean 
± SD = -1.455 ± 0.255‰) compared to 2009 (-2.736 ± 0.563‰) (two sample 
t-test, p < 0.001).
The three possible juvenile habitats (mangrove, seagrass, and coral 
reef) differed significantly based on otolith d13C and/or d18O signatures 
(Table 2). For L. harak, otolith d13C differed significantly among all habi-
tats, while seagrass d18O signatures differed from that of the coral reef (Fig. 
2a). For L. lentjan only otolith d13C differed among habitats, viz. coral reef 
vs. mangrove and coral reef vs. seagrass (Fig. 2b), while for L. fulviflamma 
only otolith d18O differed among habitats, viz. mangrove vs. seagrass and 
mangrove vs. coral reef (Fig. 2c). Also at species level, otolith d13C and/or 
d18O could be distinguished among source habitats, with the main differ-
ence being observed between coral reef vs. mangrove and/or seagrass (Fig 
2d, Table 2). Classification success based on a quadratic discriminant func-
tion analysis was very high and above 72% for each species (Table 3). The 
classification was based on both δ13C and δ18O signatures and both isotope 
ratios were important in discrimination of the three different habitats.
For all species, d13C and/or d18O signatures from the juvenile margins 
of adult reef fish were significantly depleted compared to the adult mar-
gins, which indicates different habitat use by the two life stages. The results 
of the maximum likelihood analysis using both carbon and oxygen stable 
isotopes showed that adults from the three species had passed through 
different juvenile habitats. Over 87% of L. harak caught on the island coral 
reef originated from either mangroves (42%) or seagrass beds (45%), while 
large specimens caught on the seagrass bed originated largely from this 
seagrass bed (64%) and partly from the mangroves (36%) (Table 3). Unlike 
L. harak, 87% of L. lentjan caught on far reef originated from this habitat and 
only 13% originated from either seagrass or mangrove habitats. Of the L. 
fulviflamma adult population, 45% was estimated to have passed through 
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mangrove habitat as juveniles, while for seagrass bed and coral reef com-
bined this was 55%. All L. fulviflamma individuals were caught from far reef.
DISCUSSION
This study is one of the first to present conclusive evidence that man-
grove and seagrass habitats replenish reef fish populations at an Indo-Pa-
cific locality, and the first to show contribution of recruits from mangrove/
seagrass juvenile habitats to adult coral reef habitats in the Indo-pacific 
region. The δ13C and d18O isotopic signatures were significantly enriched 
in the outer otolith margins of coral reef adults compared to their juve-
nile margins. Although enrichment can occur with growth (Thresher, 1999; 
Rooker et al., 2010), no significant growth effect on δ13C signature was 
found. This indicates that the differences between juvenile and adult sig-
natures were caused by differences in habitats used, supporting ontoge-
netic habitat shifts and connectivity. There were year differences in the 
seagrass δ13C and d18O, and d18O isotopic signatures for L. harak and L. lent-
jan, respectively. The nearshore seagrass beds are subject to fluctuations in 
temperature and salinities on a yearly basis (Campana, 1999), due to differ-
ences in rainfall. However, year differences do not prevent determination 
of juvenile habitats of adult fish from coral reefs (Gillanders, 2002). 
Table 3 Estimated contribution (%) of different source habitats to adult reef 
populations of three reef fish species, based on classification success from 
quadratic discriminant function analysis and maximum likelihood analysis. 
Both analyses are based on δ13C and δ18O values combined. Sources that did 
not differ significantly (see Table 2) were combined. Cr = coral reef; Sg = sea-
grass bed; Mg = mangroves
   Sources
 n Classification Cr Cr+Sg Sg Mg Mg+Sg
Lethrinus harak        
Reef adults 20 72.1 12.9  44.8 42.4  
Seagrass adults 8 84.4   64.1 35.9  
Lethrinus lentjan        
Reef adults 24 81.4 86.7    13.3
Lutjanus fulviflamma        
Reef adults 16 85.7  55.0  45.0  
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While for L. harak the data suggest that 87% of the collected reef adults 
had lived in shallow-water coastal habitats (42% from mangroves and 45% 
seagrass bed) as juveniles, for L. lentjan this dependence was smaller (13%). 
For the L. fulviflamma adult population, 45% has potentially utilized man-
groves as opposed to 55% that lived either in seagrass bed or coral reef 
as juveniles. L. harak individuals were collected from island reefs while 
L. lentjan and L. fulviflamma were collected from a reef located far from 
the mangrove and seagrass bed. This indicates the potential importance of 
proximity of coral reefs to mangrove/seagrass juvenile habitats. However, 
the results also show that this importance is likely related to species-spe-
cific ontogenetic habitat use (Kimirei et al., 2011). While the contribution 
of mangrove and seagrass habitats to the adult reef population of L. harak 
indicates proximity to these putative nurseries, the poor contribution of 
the same habitats to the reef adults of L. lentjan reflects the distance from 
where they were collected and as such suggest that L. lentjan on the reef 
may be self-replenishing. In contrary, L. fulviflamma’s contribution from 
the mangroves was substantial despite the adults being collected from far 
reefs. Previous research also indicated that L. fulviflamma uses mangroves 
more intensively as their primary habitats compared to L. lentjan (Kimirei 
et al., 2011).
Contrary to this study, where mangrove and seagrass habitats con-
tributed equally to the adult population of L. harak on the reef, Kimirei et al. 
(2011) using visual census data found mangroves to be less important as 
a juvenile habitat for this species. This might be related to the fact that, in 
some instances, visual census data may indicate temporal species-specific 
habitat use patterns (Nakamura and Tsuchiya, 2008; Kimirei et al., 2011). 
These results indicate that visual census data should be interpreted with 
caution, and be combined with data collected by different methods to ef-
fectively identify and assess the “nursery-role” of habitats. This is addition-
ally highlighted, when considering that L. lentjan (a congener of L. harak) 
utilizes seagrass beds as primary juvenile habitat based on visual census 
data (Kimirei et al., 2011), but showed a higher contribution (>80%) from 
the coral reef as a source to the adult population than seagrass bed and 
mangrove combined, based on otolith stable isotope analyses. This sug-
gests that reef populations of this species may be largely self-replenishing 
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(Swearer et al., 1999; Gillanders, 2002; Almany et al., 2007; Patterson and 
Swearer, 2007). However, a small proportion (13%) of the reef adults was 
identified as being resident of mangroves and seagrass habitats during 
their juvenile stage, indicating that the reef population may be relatively 
open, i.e. receiving recruits from other source habitats. 
Depending on the percentage contribution of different shallow-wa-
ter habitats, each habitat may either viably maintain, or provide an excess 
of individuals to, the adult fish populations on the reef. Thus, the assess-
ment of the nursery function of habitats (both Indo-Pacific and Caribbean) 
should consider the function of the habitat on individual species level, and 
establish whether the habitat maintains or enhances the reef adult fish 
populations. This can only be achieved if the contribution of each potential 
juvenile habitat is included. Using three potential juvenile habitats (man-
grove, seagrass, coral reef), the current study suggests that no single habi-
tat maintains reef fish populations but rather that different habitats may 
play a role in the recruitment for some species. Mateo et al. (2010) found 
a 99% contribution of mangrove habitat to the adult schoolmaster popula-
tion on the reefs of St. Croix and Puerto Rico; however, the coral reef itself 
was not taken into account as a possible juvenile habitat. Other studies 
showing single habitats that contribute close to 100% of recruits to adult 
populations are rare (Gillanders and Kingsford, 1996; Gillanders, 2002; 
Chittaro et al., 2004). Moreover, the combined contribution of seagrass bed 
and mangrove habitats as sources of recruits to the adult reef populations 
of two of the species was significantly higher than when each habitat was 
considered individually, indicating that maintenance of reef fish popula-
tions in the Indo-Pacific rather depends on habitat mosaics than on indi-
vidual habitats (Sheaves, 2005, 2009).  
The function of mangroves and seagrass beds as habitats for juve-
nile coral reef fishes may change with time, tide, location, species, and 
ontogeny (Kimirei et al., 2011; also see reviews by Sheaves 2005; Faunce 
and Layman, 2009, and Nagelkerken, 2009). For example, mangroves may 
function as temporary juvenile habitats especially during high tides in the 
Indo-Pacific region (Laroche et al., 1997; Dorenbosch et al., 2004; Doren-
bosch et al., 2006b) or as permanent habitats during a specific life stage in 
the Caribbean (Verweij and Nagelkerken, 2007; Faunce and Layman, 2009; 
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Luo et al., 2009). Caribbean mangroves are always inundated and available 
to fish, unlike the Indo-Pacific mangroves which are relatively unavailable, 
despite their extensive coverage (FAO, 2007). Mangroves in the current 
study area are normally inundated for about 3 to 4 hours per tide cycle 
(I. A. Kimirei, personal observation). Because of the temporary nature of 
the Indo-Pacific mangroves’ availability to fishes, and the low number of 
species using them as juvenile habitats (Thollot, 1992; Laroche et al., 1997; 
Blaber, 2000; Dorenbosch et al., 2006a), their nursery function has always 
been questioned (see Blaber, 2000; Nagelkerken, 2009). On the other hand, 
the permanent inundation of the Caribbean mangroves translates into 
high diversity and abundance of juveniles of coral reef fishes using these 
habitats as nurseries. Nevertheless, relatively high export of recruits from 
mangrove habitats to coral reef populations is comparable between the 
two regions (e.g. 7-53% for Pagrus suratus: Gillanders, 2002; 42 and 45% 
for L. harak and L. fulviflamma, respectively: this study (Indo-Pacific) vs. 
40% for Haemulon flavolineatum: Chittaro et al., 2004; 40-74% for Haemulon 
flavolineatum: Mateo et al., 2010 (Caribbean; but see Mateo et al., 2010 for 
a much higher mangrove contribution for Lutjanus apodus) indicating that 
the Indo-Pacific mangroves are equally important for some species. So, the 
discrepancy in the functional role of mangroves as nurseries between the 
Indo-Pacific and Caribbean is at least related to the differential temporal 
availability of mangroves to fish, which is related to differences in tidal 
ranges between the two regions (~ 30 cm in the Caribbean: Nagelkerken, 
2009, ~ 4 m in western Indian Ocean: Kimirei et al., 2011). Despite large 
tidal differences in the current study area, mostly affecting mangroves 
rather than seagrass beds, the mangrove habitat was successfully identi-
fied as a potential nursery for at least two fish species, hence supporting 
the nursery-role hypothesis in this Indo-Pacific locality.
This study demonstrated that juveniles of L. harak, L. lentjan and L. 
fulviflamma from mangroves and seagrass beds can be successfully dis-
tinguished based on their otolith carbon and oxygen stable isotopes. Al-
though the function of the Indo-Pacific mangroves, as opposed to that 
of the Caribbean, has long been questioned, this study found sufficient 
evidence to support the nursery function of some Indo-Pacific mangroves. 
The contribution of mangroves to the adult population of some fish spe-
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cies (L. harak and L. fulviflamma) was substantially high, and as such justi-
fies the conservation of mangroves as important juvenile habitats. Coastal 
habitats are currently under high pressure from anthropogenic activities 
and climate change (Valiela et al., 2001; Gillanders, 2006; Duke et al., 2007; 
Alongi, 2008; Baker et al., 2008; Sheaves, 2009) which are threatening their 
existence, and pose a threat to the recruitment, persistence and sustainabil-
ity of marine fish populations (Gibson, 1994; Pihl et al., 2005). Considering 
the importance of these habitats for fish and fisheries sustainability (Blaber, 
2009), and the growing need for habitat-related fisheries management as a 
sustainable aquatic resources conservation strategy (Rosenberg et al., 2000; 
Peterson, 2003; Mangel et al., 2006), it is important that conservation ini-
tiatives take into consideration of the presence of ecological connectivity 
between these and reef (adult) habitats. This is because connectivity and 
nursery function of shallow-water habitats are based on complex processes 
which affect population dynamics in both juvenile and adult habitats. Our 
results provide unambiguous support to the nursery hypothesis, showing 
that some reef fishes indeed undertake ontogenetic nursery-to-reef habitat 
movements, and stress the importance of protecting a mosaic of coastal 
habitats if coral reef fisheries are to be sustainable. 
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This thesis assesses the importance of mangroves and seagrass beds 
as juvenile habitats for commercially important coral reef fish species in 
Tanzania. It tests the nursery role hypothesis in a mangrove-seagrass-mud-
flat-coral reef gradient in the Indo-Pacific region, where the nursery role 
hypothesis of these habitats has been questioned for a long time (see re-
view by Blaber, 2000; Faunce and Layman, 2009; Nagelkerken, 2009b). The 
data and information presented in this thesis are important in unraveling 
the puzzle of the importance of Indo-Pacific mangroves and seagrass beds 
as critical habitats for juvenile reef fishes, and present evidence for habitat 
connectivity through export of juveniles from these putative nurseries to 
the reef, where they act as new recruits to the adult reef fish population.
The importance of mangrove, seagrass and coral reef ecosystems for 
fisheries and livelihood support in the (sub-)tropics cannot be ignored or 
overemphasized (Costanza et al., 1997; Blaber, 2009). These ecosystems are 
known for their rich biodiversity and productivity. However, they have 
suffered great losses due to unsustainable exploitation which is caused by 
the ever growing human population with increasing fish protein demand, 
and from urbanization. Current global climate changes and warming are 
exacerbating the situation (Costanza et al., 1997; Valiela et al., 2001; Duke 
et al., 2007; FAO, 2007; Alongi, 2008; Baker et al., 2008; Gladstone, 2009; 
Donelson et al., 2010). The concern regarding the degradation, fragmen-
tation and loss of these ecosystems is intensified by the knowledge that 
these ecosystems are intricately interlinked through fish movements such 
that loss, fragmentation or degradation of one of these systems will have 
important impacts on the others. This has resulted in the need for con-
servation of a mosaic of habitats through marine protected areas (MPAs) 
and the need for habitat and or ecosystem related conservation and fisher-
ies management strategies (Gibson, 1994; Rosenberg et al., 2000; Palumbi, 
2003; Palumbi, 2004).
Mangroves and seagrass beds are widely acknowledged as impor-
tant juvenile habitats for coral reef fish species. In most studies, the evi-
dence presented in support of this assertion is mainly based on fish density 
(Blaber et al., 1995; McCormick and Makey, 1997; Beck et al., 2001; Nagel-
kerken et al., 2001; Chittaro, 2004; Dorenbosch et al., 2004; Chittaro et al., 
2005; Dorenbosch et al., 2007; Nagelkerken, 2009b). Because of higher juve-
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nile fish densities in mangroves and seagrass beds in comparison to coral 
reefs which have predominantly higher adult fish densities, the nursery 
hypothesis came into being, and has been debated ever since (Beck et al., 
2001; Gillanders et al., 2003; Adams et al., 2006; Dahlgren et al., 2006). A 
debate, however, has resulted from suggestions that there are differences 
in functioning of these ecosystems between the Indo-Pacific and the Carib-
bean where most evidence for the hypothesis has been provided. The cur-
rent thesis was also designed to shed light on the on-going Indo-Pacific vs. 
Caribbean debate on the importance of mangrove and seagrass habitats as 
nurseries.
The data presented in this thesis give a better insight into the depend-
ence of four fish species, viz. Lethrinus harak, L. lentjan, Lutjanus fulviflamma, 
and Siganus sutor, on mangroves and seagrass beds as juvenile habitats, 
and supports the nursery role of these habitats in an Indo-Pacific locality. 
Underwater visual censuses were conducted in a series of habitats (man-
groves, seagrass beds, shallow mudflats, deep mudflats, shallow coral reef, 
and deep coral reef) to distinguish habitats used by juveniles as opposed to 
those used by adults. It was found that mangroves and seagrass beds are 
important habitats for these species although their importance varied both 
on spatial and temporal scales (Chapter 2). Juveniles (≤ 10 cm length) of 
the four study species had significantly higher densities in shallow-water 
(mangroves, seagrass beds, and shallow reefs) than in deep-water habitats 
(deep mudflats and coral reefs), whereas the opposite pattern was found 
for the adults (≥ 15 cm). These findings suggested strong ontogenetic shifts 
in habitat use. Moreover, habitat use patterns were significantly affected 
in space and time, but with species and size specific exceptions, which 
calls for consideration of time and space as important factors in study de-
signs of ontogenetic habitat use (Gillanders, 2006; Kimirei et al., 2011). As 
previously indicated, these species are of commercial value which makes 
these habitats important both at local and regional scales. These habitats 
have even been found to harbor high densities of endangered fish species 
(Dorenbosch et al., 2006), which makes them important as conservation 
hotspots.
Comparisons of fish densities among habitats, both at assemblage 
and species levels, should form the first step towards the evaluation of 
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habitats as important nurseries for coral reef fishes. This is because high 
densities in these habitats may be misleading especially if growth and sur-
vival differs in these habitats, and if these habitats do not export recruits to 
adult populations on the reef (Beck et al., 2003; Dahlgren et al., 2006). This 
could qualify them to be sinks rather than sources of recruits. However, 
the study of population demography, structure, and dynamics may be in-
strumental in the nursery habitat assessment process. This is because pop-
ulation demography, structure and dynamics may shed light on ecological 
processes affecting fish populations in putative nursery habitats (Hixon, 
1991; Hixon et al., 2002). 
Chapter 3 uses population demographic parameters (such as skew-
ness, kurtosis, size-frequency distribution), growth and environmental 
parameters to understand demographic structure and the degree of popu-
lation variability, and the environmental or biological drivers of such vari-
ability in mangroves and seagrass habitats. Fish population demography 
was found to be skewed in favor of juveniles, which supports the results of 
Chapter 2. However, large individuals were sometimes present in juvenile 
habitats, which suggests that different sets of habitats may function differ-
ently in time and space, not only as temporary habitats as they have always 
been thought to be (Sheridan, 1997; Sheaves, 2005), but also for harboring 
fish for  extended time periods (~ 13 yrs). These habitats harbor different 
food and predator abundances and thereby affecting growth and produc-
tivity. It was concluded that different habitats function differently for dif-
ferent species and that environmental variability, landscape architecture 
(distance to adjacent reefs) and other ecological processes (e.g. predation 
and food availability) regulate population demographic structures and 
dynamics in putative nursery habitats, thereby also affecting abundance 
and dynamics of the adult reef fish populations. In this regard, Chapter 
3 sheds light on the difficulty of evaluating essential juvenile habitats in 
tropical seascapes. While fish density comparisons among habitats indi-
cate the predominance of juvenile fishes in putative nurseries (Chapter 2), 
population demography, structure and dynamics show that evaluation of 
the nursery role hypothesis of juvenile fish habitat may be more complex 
than previously thought (Chapter 3).
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In order to correctly evaluate a habitat as an important nursery or es-
sential juvenile habitat, potential factors driving ontogenetic habitat shifts 
need to be identified and critically assessed. This is important to determine 
how habitat value and/or quality change in relation to these factors (Shi-
ma et al., 2008). Diet shifts, growth, and maturation have been proposed as 
possible triggers for movement from juvenile seagrass/mangrove habitat 
to adult reef habitat in fishes (Werner and Gilliam, 1984; Cocheret de la 
Morinière et al., 2003b; Cocheret de la Morinière et al., 2003a; Kamukuru 
and Mgaya, 2004; Brodersen et al., 2008; Grol et al., 2008). Also predation 
risk may affect the value of putative nurseries and movements to and from 
these habitats (Sheaves, 2001; Baker and Sheaves, 2007; Baker and Sheaves, 
2009b, a; Dorenbosch et al., 2009; Hammerschlag et al., 2010). However, 
these factors have mostly been studied in isolation which hinders a critical 
analysis of what really triggers ontogenetic juvenile-to-adult habitat move-
ments.
The data presented in Chapter 4 of this thesis assesses various pos-
sible drivers of ontogenetic habitat shifts in a multifactorial analysis based 
on food abundance, ontogenetic diet shifts, growth, and maturation. It was 
concluded that none of the factors acted in isolation to trigger juvenile-to-
adult habitat movements by fishes. For example, all species shifted from 
feeding on small prey to large prey items at the size of 5 cm total length, 
except for S. sutor which is an herbivore and did not show any noticeable 
ontogenetic diet shifts (Fig. 1). S. sutor fed mostly on green macroalgae in 
the mangrove and seagrass habitats and red and brown macroalgae on 
coral reef. However, this pattern seemed to be determined by food avail-
ability rather than choice. Large food items for the zoobenthivores (L. harak, 
L. lentjan and L. fulviflamma) were more abundant on the reef than in man-
groves and seagrass beds. Similarly, growth rates were higher for fishes 
from the reef than from the other habitats. Contrary to the ideal free distri-
bution (Fretwell and Lucas, 1970), juveniles of the three zoobenthivorous 
species did not use the coral reef as predominant juvenile habitats despite 
the various advantages provided there (i.e., higher food abundance and 
growth rates) (Chapter 2 & 3). Maturation occurred mainly at the same 
or larger size than at which habitat shifts occurred and was therefore not 
a key driver for niche shits. As habitat shifts occurred at much larger sizes 
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than those at which diets shifts occurred, another, unmeasured, factor was 
probably acting as a barrier for fish to shift to the reef habitat. This thesis 
discusses the role that predation risk could play in inhibiting fish to move 
to coral reefs, where faster growth could be attained, until fish are of suf-
ficient size to experience lower morality rates from predation. Although 
it remains unclear what causes ontogenetic juvenile-to-adult habitat shift 
in reef fishes, clearly these habitat shifts (Chapter 2) are a consequence of 
careful ecological trade-offs between foraging/growth and predation risk 
(Werner and Hall, 1988; Dahlgren and Eggleston, 2000; Grol et al., 2011). 
This thesis provides support in recognition of the Indo-Pacific man-
groves as important fish nurseries. Due to the long-standing debate on the 
function of Indo-Pacific mangroves as nurseries for coral reef fish species 
compared to the Caribbean region (see reviews by Faunce and Layman, 
2009 and Nagelkerken, 2009), a robust data set and suitable techniques 
are required to provide solid and conclusive evidence for or against the 
nursery function of mangrove habitats in the Indo-Pacific region. Artificial 
tagging and or marking techniques (e.g. acoustic telemetry, coded wire 
tags, chemical marks, genetic marking) have been used to study fish move-
ment and habitat connectivity, the pros and cons of which are reviewed in 
Gillanders (2009). Natural tags such as tissue and otolith stable isotopes 
signatures, and elemental composition of otoliths in fish have also been 
used to study movements and habitat connectivity (Gillanders and King-
sford, 1996; Rubenstein and Hobson, 2004; Gillanders, 2005; Huxham et 
al., 2007; Nakamura et al., 2008). Unlike isotopic signatures from inert oto-
liths which provide long-life records of the fish’s environment (Campana, 
1999; Elsdon et al., 2008), the use of tissue stable isotopes is confounded 
by metabolism and as such can only be used to show habitat use within 
the preceding few weeks to months (Thorrold et al., 1997; Hobson, 1999). 
Otolith elemental analysis is mostly useful in estuarine systems where the 
gradients in temperature and salinity are clear (Gillanders, 2009). For our 
case where we studied non-estuarine systems, we therefore used carbon 
and oxygen stable isotopes from otoliths to study movement across eco-
system borders. Three commercially important fish species (L. harak, L. 
lentjan, and L. fulviflamma) were used as model species (Chapter 5). This 
chapter serves as a confirmatory test to the data presented in preceding 
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chapters (2, 3 & 4). It tested whether reef adults of these three fish species 
had passed through mangrove or seagrass nurseries during their life cycle. 
Stable carbon and oxygen stable isotopes from otolith were analyzed using 
a Gas Bench mass spectrometer equipped with an automated carbonate 
extraction line (Kiel device). A quadratic discriminant function analysis 
(QDFA) and maximum likelihood analysis (MLA) were used to classify 
and identify the percentage of reef adults which had lived in mangroves or 
seagrass beds as juveniles. 
The current thesis presents one of the first reports providing conclu-
sive evidence for a nursery role function of Indo-Pacific mangrove habitats 
for some reef fish populations (Chapter 5). Both δ13C and δ18O signatures 
were significantly decreased in the juvenile compared to the adult otolith 
margins, which is indicative of different habitat use between juvenile and 
adult reef fish. No significant effect of somatic tissue growth was found for 
any of the species, which indicates that the differences in isotopic compo-
sitions were caused by different habitats used during different life stages. 
Juveniles of all species were successfully classified (> 70%) to their nursery 
Figure 1: Mean stomach content (volumetric %) per fish size class (1 cm incre-
ments in total length) in different habitats for Siganus sutor. Brown + Red = 
brown and red algae combined. Mg = mangrove, Sg = seagrass, Cr = coral reef
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habitats using both δ13C and δ18O signatures. Maximum likelihood analysis 
identified 89% of L. harak adults on the reef to have originated from man-
grove (42%) and seagrass (45%) habitats, 45% of reef L. fulviflamma to have 
originated from mangrove habitat, and 13% of adult reef L. lentjan to have 
originated from mangrove/seagrass (combined) nurseries. These results 
clearly indicate, especially for L. harak and L. fulviflamma, that mangrove 
habitats can export significant numbers of individuals to adult reef popu-
lations. For L. harak, the contribution from mangroves almost equaled that 
from seagrasses suggesting that the health of adult populations on reefs is 
not maintained by a single habitat but rather by a combination of the two 
(Chapters 2 & 3). This demonstrates why conservation of a habitat mosaic 
is very important for sustenance of reef fish populations in the Indo-Pacific 
region too (Sheaves, 2005, 2009). However, L. lentjan shows a different pic-
ture. For L. lentjan, these habitats were less important as a recruit source for 
the reef adult population, since a large proportion (87%) of the population 
of this species grew up on the reef. This is another example of why habitat 
function has to be assessed on a per-species basis (Chapter 3). 
Based on density and population demography data (Chapter 2 & 3), 
we concluded that L. lentjan juveniles use seagrass beds as their primary 
habitat and that juveniles did not use coral reef as a habitat (Chapter 2). 
However, using otolith carbon and oxygen stable isotopes signatures, only 
a small proportion (13%) of the reef population seems to have lived in 
mangrove/seagrass habitat as juveniles, while 87% grew up on the reef 
(Chapter 5). Coral reefs are high predation-risk habitats which should be 
avoided according to the maximize growth/minimize predation risk hy-
pothesis (Dahlgren and Eggleston, 2000). What is then the reason that the 
maximum likelihood analysis, using otolith stable carbon and oxygen iso-
tope signatures, indicated that almost the entire adult population spent 
their juvenile life on the reef? How reliable are density data in identifying 
and or assessing the nursery role function of juvenile habitats? An answer 
to this and similar questions is not simple, but it is possible that density 
data only reflect short-term habitat use which may change both on spatial 
and/or temporal scales (Chapter 2).
In conclusion, the identification of essential nursery habitat for juve-
nile coral reef fish is more complex than previously thought, and requires 
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a detailed per-species analysis of ontogenetic habitat use, demographic 
structure and dynamics, feeding habits and food abundances, growth 
rates, and movement based on dependable techniques, such as presented 
in this thesis. Are Indo-Pacific mangroves functional nurseries for juvenile 
coral reef fishes? Despite the large tidal range which has always been used 
as an argument against a mangrove nursery function in this region, we 
found evidence for this nursery role at an Indo-Pacific locality, especially 
for two fish species (L. harak and L. fulviflamma). However, it is necessary 
to assess the functional role of Indo-Pacific coastal habitats on a per-species 
rather than species assemblages (e.g. Thollot, 1992) basis. Also, the assess-
ment should consider all potential juvenile habitats rather than single habi-
tats like in previous studies (e. g. Thollot, 1992; Laroche et al., 1997), while 
more consideration should be given to the total contribution of recruits 
provided by a habitat as suggested by Dahlgren et al. (2006), instead of 
contribution based on a per unit surface area.
Implications for management and future research
The importance of tropical coastal habitats cannot be ignored due to 
their socio-economic and ecological importance. However, these habitats 
are under high and unsustainable exploitation pressure which is exacer-
bated by current climate change effects. Due to high habitat connectivity 
that exists among coastal marine habitats (Gillanders et al., 2003; Nagel-
kerken, 2009a), loss and fragmentation of a single habitat will certainly im-
pact the whole habitat mosaic and as such could be catastrophic for the 
resilience of fish populations. The results presented in this thesis therefore 
are important in developing appropriate conservation and management 
measures and strategies.
Whereas the function of the Indo-Pacific mangroves has long been 
questioned this thesis presents unequivocal evidence that they can act 
as important juvenile habitats, despite their temporary tidal inundation. 
Because of their significant export of propagules to adult populations on 
coral reefs, the importance of mangroves to fisheries and biodiversity sus-
tenance on adjacent reefs needs to be re-evaluated in the Indo-Pacific re-
gion. Marine park design, designation and management need to take into 
account the role of mangroves as potential nurseries.
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The current decline of mangrove and seagrass habitats needs to 
be halted. Mangroves have been gazetted as forest reserves in Tanzania 
(Semesi, 1991; Semesi et al., 1998). However, coastal developments (hotel 
construction and other economic activities such as salt making and prawn 
farming) are devastating these habitats, altering their much needed ecolog-
ical functions and services. The importance of mangroves and coral reefs 
in reducing the effects of tsunamis and extreme wave shocks needs also to 
be considered.
This thesis proposes that future research on ontogenetic habitat 
shifts of fishes should include all relevant ecological factors (diet, food 
abundance, maturation, predation, movement) since studying factors in 
isolation may fail to identify the triggering factors. Much of our under-
standing on the evidence of nursery function of coastal tropical waters is 
based on observational data. However, otolith stable isotope analysis is a 
very promising technique which should be used in well-designed habitat 
connectivity studies. This technique has been used to show movements 
even in large spatial settings (Rooker et al., 2008; Rooker et al., 2010). This 
thesis is the first for the Western Indian Ocean region to unequivocally 
support the nursery function of mangroves. Previous studies (e. g. Hux-
ham et al., 2007) failed to clearly show this function. Future studies should 
use similar techniques in this region so as to generate more solid evidence 
supporting the nursery role hypothesis. In addition, population demogra-
phy has rarely been used to understand the functioning of putative nurser-
ies in previous studies. This thesis, however, demonstrates that population 
demography, structure, and dynamics can be very useful for this purpose 
(Chapter 3). 
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This thesis tested the hypothesis that shallow-water vegetated habi-
tats act as nurseries for juveniles of some coral reef fish species (the ‘nurs-
ery hypothesis’) in the Indo-Pacific region. The nursery hypothesis has 
received increasing attention during the last decade, but most evidence 
has been gained for the Caribbean region and the hypothesis – especially 
the role of mangroves – is still heavily debated for the much larger Indo-
Pacific region. The current thesis tested the nursery hypothesis for an Indo-
Pacific locality in a mangrove–seagrass–mudflat–coral reef gradient using 
the Tanzanian coastal waters as a model system and four commercially 
important species (Lethrinus harak, Lethrinus lentjan, Lutjanus fulviflamma, 
and Siganus sutor) as model species. Fish densities and sizes were com-
pared among the 4 habitat types, some of which at different water depths 
(shallow vs. deep mudflats as well as coral reefs) in order to elucidate (1) 
patterns of ontogenetic habitat use (Chapter 2), (2) population demogra-
phy and dynamics in nursery habitats (Chapter 3), (3) the role of diet shifts, 
maturation and growth as triggers of ontogenetic habitat shifts (Chapter 
4), and (4) whether adult fishes on coral reefs have lived in mangroves/
seagrass nurseries as juveniles, using an otolith carbon and oxygen stable 
isotope technique (Chapter 5). 
As a first step in achieving the objectives of this thesis (see Chapter 1), 
patterns of ontogenetic habitat shifts were deduced from data on size-fre-
quency distributions of fish, collected through underwater visual censuses 
(Chapter 2). The results indicated clear patterns of ontogenetic habitat use 
by all of the study species. Juvenile fishes commonly used shallow-water 
habitats (mangroves/seagrass beds) as their primary habitats while the 
adults used deep coral reefs and deep mudflats (especially L. lentjan) as 
their main habitats. Although Lutjanus fulviflamma was the only fish spe-
cies that was found abundantly in mangroves, it shows that this habitat 
can play an important role for some fish species. The general pattern of 
ontogenetic habitat use by juvenile and adult fishes showed flexibility on 
various spatial (> 50 km apart) and temporal scales, with some species 
showing important changes in habitat use at certain locations or seasons 
of the year. These results suggest that coastal habitats may not function 
equally through time and space, making their management more complex.
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To understand in greater detail how nurseries may differ in their 
value to juvenile fish, multiple mangrove and seagrass habitats were 
compared in terms of demographic structure, population dynamics, fish 
growth, food abundance, and environmental variables (Chapter 3). The re-
sults indicated that these juvenile habitats harbor positively skewed popu-
lations in favor of juveniles; however, large individuals were also present. 
Size-frequency distributions were more or less similar across habitats, but 
age-at-length data indicated that these habitats could support large and 
relatively old individuals (~ 13 yrs, especially in the mangroves). Habitat 
use of juvenile fish of different body size seemed to be related to differ-
ences in food abundance, water depth, or seascape architecture (proximity 
to adult habitats). Despite the large tidal range in the study area (~ 4 m) the 
study provided some evidence to support the nursery role of mangroves.
To understand the mechanisms that support a nursery function of 
Indo-Pacific mangroves or seagrass habitats, in an environment where the 
evaluation and or assessment of this function is complex, potential driv-
ers of niche shifts were investigated (Chapter 4). Ontogenetic diet shifts, 
size at first maturity, fish growth, as well as food abundance were com-
pared across habitats in a multi-factorial fashion. Three fish species – the 
zoobenthivores L. harak, L. lentjan and L. fulviflamma – shifted their diets 
from feeding on small to large prey items at about 5 cm total length, but 
were found to shift habitats at sizes much larger than at which diet shifts 
occurred. Maturation occurred at the same or larger size at which habitat 
shifts occurred and was therefore not responsible for these shifts. Despite 
the ecological advantages offered by the coral reef habitat, such as high 
abundances of large prey items and fast growth, fish did not move to coral 
reef until a certain size was reached. This suggests that an unmeasured 
ecological factor, such as relative predation risk, may inhibit fish from 
moving to the adult habitat until they have attained a size large enough to 
reduce predation risk on the reef.
Chapter 5 evaluates the degree to which adults of three fish spe-
cies, viz. Lethrinus harak, L. lentjan, and Lutjanus fulviflamma, have passed 
through mangrove or seagrass nurseries during their juvenile life stage, 
based on stable carbon and oxygen isotope analysis of fish earbones (oto-
liths). The δ13C and δ18O isotope values were significantly more depleted in 
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the juvenile than adult margins of reef adult of all species indicating that 
these two life stages are from habitats with different environmental charac-
teristics. The otolith carbon and oxygen stable isotope values were used in 
a quadratic discriminant function analysis and maximum likelihood analy-
sis to classify adult fishes to their juvenile habitats and identify the percent-
age of the reef adults that have lived as juveniles in mangrove, seagrass, or 
reef habitats, respectively. The classification success was high (>70%) for 
all species, and >80% of adult reef L. harak were identified to have lived in 
mangroves (42%) and seagrass (45%) habitats as juveniles, while 45% of 
adult L. fulviflamma were found to have passed through mangrove habitat, 
but only 13% of adult L. lentjan adults had lived in mangrove or seagrass 
habitats as juveniles. The remainder of the L. lentjan adults seemed to have 
grown up on the coral reef. 
The results of this thesis have significantly contributed, for one par-
ticular area, to resolve the long-time debate on the nursery function of 
Indo-Pacific mangroves. This thesis found strong empirical evidence that 
the mangroves in an Indo-Pacific locality replenish fish populations on 
adjacent coral reefs. The results of this thesis are among the first to show 
this function unequivocally for this geographic area, and to investigate the 
underlying mechanisms for the observed ontogenetic habitat shifts and for 
differential usage of nursery habitats. The findings of the current thesis 
stress the importance of conserving a mosaic of coastal habitats to account 
for the temporal and spatial variability in their usage by juvenile fish pop-
ulations which ultimately replenish adjacent reef fish stocks.
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Deze dissertatie toetst de hypothese dat ondiepe zoutwaterhabitats 
fungeren als kraamkamers voor juvenielen van een aantal koraalvissoorten 
(de kraamkamerhypothese of ‘nursery hypothesis’) in het Indo-Pacifische 
gebied. De kraamkamerhypothese heeft het laatste decennium steeds meer 
aandacht gekregen, maar het meeste bewijs is verzameld voor de Caribis-
che regio. De hypothese, in het bijzonder de rol van mangroven, wordt 
nog steeds bediscussieerd voor het veel grotere Indo-Pacifische gebied. In 
deze dissertatie werd de hypothese getoetst in een lokale Indo-Pacifische 
regio met een gradiënt van mangroven – zeegras – moddervlakte – ko-
raalrif. Hierbij werd gebruik gemaakt van de Tanzaniaanse kustwateren 
als modelecosysteem en vier commercieel belangrijke vissoorten (Lethri-
nus harak, Lethrinus lentjan, Lutjanus fulviflamma en Siganus sutor) als mod-
elsoorten. De populatiedichtheden en de grootte van de vissen werden 
vergeleken tussen de vier typen habitat, soms op verschillende dieptes 
(ondiepe vs. diepe moddervlaktes en ondiepe vs. diepe koraalriffen). Er 
werd onderzoek gedaan naar (1) patronen in ontogenetisch habitatgebruik 
(Hoofdstuk 2), (2) populatiedemografie en dynamiek in kraamkamerhabi-
tats (Hoofdstuk 3), (3) de rol van dieetveranderingen, vruchtbaarheid en 
groei als oorzaken voor ontogenetische habitatverschuivingen (Hoofdstuk 
4), en (4) of volwassen vissen op koraalriffen in mangroven en/of zeegras-
sen hebben geleefd als juvenielen, waarbij gebruik werd gemaakt van een 
analyse van stabiele koolstof- en zuurstofisotopen in de gehoorbeentjes 
(otolieten) van de vissen (Hoofdstuk 5).
Als eerste stap in het bereiken van de doelen van dit onderzoek (zie 
Hoofdstuk 1), werden patronen van ontogenetische habitatverschuiv-
ingen afgeleid uit gegevens over de frequentieverdelingen op basis van 
grootte van de vissen. Deze gegevens werden  verzameld aan de hand 
van onderwater vistellingen. (Hoofdstuk 2). De resultaten laten zien dat er 
duidelijke patronen zijn in ontogenetisch habitatgebruik voor alle onder-
zochte soorten. Juveniele vissen gebruiken over het algemeen ondiepe 
zoutwaterhabitats (mangroven/zeegrassen) als primair leefgebied, terwijl 
adulte vissen vooral diepe koraalriffen en diepe moddervlakten (vooral L. 
lentjan) als leefgebied gebruiken. Ondanks het feit dat Lutjanus fulviflamma 
de enige vissoort was die talrijk was gevonden in de mangroven, laat dit 
zien dat dit habitat een belangrijke rol kan spelen voor sommige vissoorten. 
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Het algemene patroon van ontogenetisch habitatgebruik door juveniele en 
adulte vissen laat schommelingen zien op een aantal ruimtelijke (> 50 km 
uiteen) en tijdgebonden niveaus. Sommige soorten vertoonden belang-
rijke veranderingen in habitatgebruik op bepaalde locaties of in bepaalde 
seizoenen. Deze resultaten suggereren dat kusthabitats verschillend func-
tioneren in tijd en ruimte, waardoor het beheer van deze systemen nog 
complexer wordt.
Om een beter, meer gedetailleerd beeld te krijgen van hoe kraam-
kamerhabitats verschillen in hun waarde voor juveniele vissen, werden 
meerdere mangrove- en zeegrashabitats met elkaar vergeleken. Hierbij 
werd gekeken naar demografie, populatiedynamiek, groei van de vissen, 
voedselaanbod en omgevingsfactoren (Hoofdstuk 3). Er werd aangetoond 
dat de kraamkamerhabitats een scheve verdeling laten zien, waarbij veel 
meer juvenielen gevonden werden ten opzichte van slechts enkele grote in-
dividuen. Frequentieverdelingen van de vissen op basis van grootte waren 
ongeveer gelijk tussen de twee habitats, maar  leeftijdgegevens wijzen uit 
dat deze habitats toch grote en relatief oude individuen kunnen herbergen 
(~13 jaar, met name in de mangroven). Habitatgebruik door juveniele vis-
sen van verschillende lichaamsgrootte lijkt te zijn gerelateerd aan verschil-
len in voedselaanbod, waterdiepte of ruimtelijke variaties (nabijheid ten 
opzichte van adulte habitats). Ondanks het grote getijdenverschil in het 
onderzoeksgebied (~ 4 m), levert het onderzoek bewijzen die de kraam-
kamerfunctie van mangroven ondersteunen.
Om een beeld te krijgen van de mogelijke mechanismen die de 
kraamkamerfunctie van Indo-Pacifische mangroven en zeegrasvelden 
ondersteunen, in een milieu waar de beoordeling en/of vaststelling van 
deze functie complex is,  werden mogelijke oorzaken van habitatverschui-
vingen onderzocht (Hoofdstuk 4). Ontogenetische verschuivingen in dieet, 
lichaamsgrootte bij eerste vruchtbaarheid, groei van de vissen en voedse-
laanbod werden op een multi-levelniveau in en tussen de habitats vergele-
ken. Drie vissoorten, de zoöbenthivoren L. harak, L. lentjan en L. fulviflamma, 
lieten een dieetverschuiving zien van het eten van relatief kleine naar grote 
prooien bij een totale lichaamslengte van ongeveer 5 cm, maar toonden een 
habitatverschuiving bij een veel grotere totale lichaamslengte dan wan-
neer de dieetverandering optreedt. De eerste vruchtbaarheid treedt pas op 
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bij dezelfde of zelfs grotere totale lichaamslengte van de vissen dan wan-
neer de habitatverschuiving plaatsvindt en is dus niet verantwoordelijk 
voor deze verschuiving. Ondanks de ecologische voordelen die het ko-
raalrif biedt, zoals een hoge aanwezigheid van grote prooidieren en een 
mogelijke snelle lichaamsgroei, migreren vissen niet naar het rif tot een 
bepaalde lichaamsgrootte is bereikt. Dit suggereert dat een niet ge-meten 
ecologische factor, zoals het relatieve predatierisico, vissen er wellicht van 
weerhoudt om naar het adulte habitat te migreren totdat zij een bepaalde 
lichaamsgrootte hebben bereikt die voldoet in het reduceren van het pre-
datierisico op het rif.
Hoofdstuk 5 beschrijft de mate waarin adulten van drie vissoorten, 
Lethrinus harak, L. lentjan en Lutjanus fulviflamma, verbleven in de kraam-
kamerhabitats mangroven en/of zeegrasvelden, gedurende hun juveniele 
levensfase. Dit is gebaseerd op stabiele koolstof- en zuurstofisotopenana-
lyse van de gehoorbeentjes (otolieten) van de vissen. De waarden van de 
δ13C- en δ18O-isotopen waren significant lager in de juveniele dan in de 
adulte zones van adulte rifvissen, wat een indicatie is voor het feit dat deze 
levensstadia zijn doorgebracht in verschillende milieuomstandigheden 
(zoutgehalte, temperatuur). De koolstof- en zuurstofisotoopwaarden van 
de otolieten werden gebruikt in een kwadratische discriminant functiean-
alyse en een maximale waarschijnlijkheidsanalyse om de adulte vissen 
in hun juveniele habitats in te delen en het percentage van de rifadulten 
dat als juvenielen in respectievelijk mangroven, zeegras of koraalriffen 
leefden te bepalen. Het succes van de classificatie was hoog (>70%) voor 
alle soorten, en voor >80% van de rifadulten van L. harak kon worden 
vastgesteld dat ze in de mangroven (42%) of in het zeegras (45%) hadden 
geleefd als juvenielen. 45% van adulte L. fulviflamma, maar slechts 13% van 
adulte L. lentjan bleek tijdens de juveniele fase in de mangroven te hebben 
geleefd. Het restant van de adulten van L. lentjan leek te zijn opgegroeid 
op het koraalrif. 
De resultaten van deze thesis leveren een significante bijdrage, met 
name voor één bepaald onderzoeksgebied, om het veelbesproken vraag-
stuk van de kraamkamerfunctie van mangroven in het Indo-Pacifische 
gebied op te lossen. Het onderzoek komt met sterk empirisch bewijs dat 
de mangroven in een lokaal Indo-Pacifisch ecosysteem bijdragen aan de 
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vispopulaties van aangrenzende koraalriffen. De resultaten behoren tot de 
eerste die deze functie voor dit geografische gebied onmiskenbaar aantonen 
en die de onderliggende mechanismen voor de gevonden ontogenetische 
habitatverschuivingen en het differentiële gebruik van de kraamkamer-
habitats onderzoeken. De bevindingen van deze dissertatie versterken het 
belang van het onderhouden van het geheelvan kusthabitats om het tijd- 
en ruimtegebonden habitatgebruik van juveniele vispopulaties die bijdra-
gen aan aangrenzende koraalvispopulaties te beschermen.
MUHTASARI 

Muhtasari
185
Tasnifu hii ilichunguza nadharia ya kuwa mazingira ya bahari yenye 
kina kifupi na yenye mimea hutumika kama makuzi ya samaki wachanga 
kutoka kwenye mwamba-tumbawe kwenye eneo la Indo-Pasifiki. Nad-
haria tete ya makuzi ya samaki imechunguzwa sana katika muongo uli-
opita, pamoja na ushahidi uliopatikana juu ya nadharia hii, hasa katika 
eneo la Karibiani, na hasa juu ya umuhimu wa mikoko, bado kuna mjadala 
mzito juu ya nadharia yenyewe katika eneo kubwa zaidi la Indo-Pasifiki. 
Hivyo tasnifu hii ilichunguza nadharia ya makuzi ya samaki katika eneo 
la Indo-Pasifiki katika mlolongo wa mikoko – nyasi bahari – upwa-tope – 
mwamba-tumbawe kwa kutumia maji ya pwani ya Tanzania, na aina nne 
za samaki (Changu doa – Lethrinus harak, Changu njana – Lethrinus lentjan, 
Changu janja – Lutjanus fulviflamma, na tasi – Siganus sutor) kama mifano. 
Wingi na ukubwa wa samaki vililinganishwa kati ya aina nne za makazi 
ya samaki, baadhi yake katika vina tofauti vya maji (upwa-tope pamoja na 
mwamba-tumbawe katika kina kifupi na kina kirefu) ili kubaini (1) mpan-
gilio wa matumizi ya makazi ya samaki kadiri wanavyokua (Sura ya 2), (2) 
mabadiliko katika wingi na ukubwa wa samaki katika makazi ya makuzi 
ya samaki (Sura ya 3), (3) umuhimu wa kubadili chakula, kupevuka na 
kukua kwa samaki kama visabibishi vya tabia ya samaki hawa kuhama 
makazi kadiri wanavyokomaa (Sura ya 4), na (4) kama samaki wakubwa 
kwenye mwamba-tumbawe waliwahi kuishi kwenye makazi ya makuzi 
ya samaki ya mikoko na au nyasi-bahari walipokuwa wachanga, kwa ku-
tumia atomi imara aina ya isotopu ya kaboni na oksijeni kutoka kwenye 
mawe ya kichwani mwa samaki (otolith) (Sura ya 5).
Kama hatua ya kwanza katika kufikia malengo ya tasnifu hii (angalia 
Sura ya 1), mipangilio ya kuhama makazi kadri samaki wanavyokua ili-
bainishwa kwa kuangalia mitawanyo ya ukubwa wa samaki kupitia sensa 
ya samaki ndani ya maji (Sura ya 2). Matokeo ya uchunguzi huu yanaonye-
sha pasi na shaka kuwa aina zote za samaki waliochunguzwa walionye-
sha kuwepo kwa mipangilio ya kuhama mazingira ya makazi na makuzi 
kadri wanavyokomaa. Samaki wadogo walionekana kutumia mazingira 
ya maji ya kina kifupi (mikoko/nyasi-bahari) kama makazi yao ya msingi 
wakati samaki wakubwa walitumia mazingira ya mwamba-tumbawe na 
upwa-tope (hasa Changu njana – L. lentjan) katika maji yenye kina kirefu. 
Ijapokuwa Changu janja (L. fulviflamma) ndio spishi pekee iliyokutwa kwa 
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wingi katika mazingira ya mikoko, uchunguzi unaonyesha kuwa mazin-
gira haya yanachukua nafasi muhimu kama makazi kwa baadhi ya spishi 
za samaki. Mpangilio wa jumla wa matumizi ya makazi kwa samaki wa-
dogo na wakubwa ilionyesha kubadilika badilika katika kipimo cha eneo 
(umbali wa kilometa > 50) na muda/wakati, ambapo baadhi ya spishi za 
samaki zilionyesha mabadiliko muhimu katika matumizi ya makazi kwe-
nye maeneo na wakati fulani wa mwaka. Matokeo haya yanapendekeza 
kuwa makazi ya pwani za bahari yanaweza yasiwe na umuhimu sawa 
katika maeneo na muda/wakati wote, hivyo kuleta changamoto kubwa 
katika uhifadhi wake. 
Ili kupata uelewa wa ndani wa jinsi gani makuzi ya samaki hutofau-
tiana katika umuhimu wake kwa samaki wachanga, mikoko na nyasi ba-
hari katika maeneo mbalimbali zililinganishwa kwa kuzingatia mpangilio 
wa ukubwa wa samaki, mabadiliko ya wingi wa samaki, ukuaji wa samaki, 
wingi wa chakula, na tabia za mazingira (Sura ya 3). Matokeo yalionyesha 
kuwa makazi ya samaki wadogo yana samaki ambao ni wachanga; hata 
hivyo, hata samaki wakubwa pia walikuwemo. Mpangilio wa ukubwa wa 
samaki ulikuwa karibu sawa kwenye makazi yote, lakini takwimu za um-
ri-kwa-ukubwa zilionyesha kuwa makazi haya yanaweza kutunza hata 
samaki wakubwa (kama miaka 13, hasa kwenye mikoko). Matumizi ya 
makazi ya samaki wachanga wenye ukubwa tofauti yalionekana kuhusi-
ana na wingi wa chakula, kina cha maji, mpangilio wa makazi katika eneo 
(ukaribu na makazi ya samaki wakubwa). Pamoja na ukubwa wa tofauti 
ya bamvua katika eneo la uchunguzi (kama mita 4 hivi), utafiti umetoa 
uthibitisho wa kukubaliana na nadharia tete ya umuhimu wa mikoko 
kama mazingira ya makuzi ya samaki.
Ili kuelewa jinsi ambavyo mikoko au nyasi-bahari katika eneo la 
Indo-Pasifiki hufanya kazi kama mazingira ya makuzi ya samaki, hasa ka-
tika mazingira ambayo udurusu na au tathmini ya kazi hii ni ngumu, tas-
nifu hii ilichunguza visababishi dhanifu vya kubadili mazingira/chakula 
(Sura ya 4). Kubadilisha chakula wakati wa kukua kwa samaki, ukubwa 
ambapo samaki anakuwa amefikia umri wa kuzaa, ukuaji, pamoja na win-
gi wa chakula katika mazingira vililinganishwa katika makazi mbalimbali 
katika mtindo wa kuangalia visababishi vingi kwa pamoja. Spishi tatu za 
samaki – ambao hula viumbe waishio kwenye sakafu ya bahari – Changu 
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doa (L. harak), Changu njana (L. lentjan) na Changu janja (L. fulviflamma) – 
zilibadili ulaji wa  chakula kutoka katika kula vyakula vyenye umbo dogo 
na kuanza kula vyenye umbo kubwa wakiwa na ukubwa wa sentimeta 
5 za urefu, lakini walihama makazi wakiwa wakubwa zaidi wakati wa 
kubadili chakula ulipofika. Umri wa kupevuka ulifikiwa sambamba au 
juu kidogo ya  umri wa kuhama makazi na hivyo haukuwa kisababishi 
cha tabia hii ya kuhama makazi. Bila kujali manufaa ya kiikolojia yatole-
wayo na makazi kwenye mwamba-tumbawe, kama vile wingi wa chakula 
na ukuaji wa haraka, samaki hawakuhamia kwenye mwamba tumbawe 
mpaka walipokuwa wamefikia ukubwa fulani. Hii inapendekeza kuwa 
kuna kiashiria cha kiikolojia ambacho hakikuchunguzwa, kama vile ha-
tari ya kuliwa, kinachozuia samaki kuhamia kwenye makazi ya samaki 
wakubwa mpaka hapo samaki hao wanapokuwa wamefikisha ukubwa 
wa kutosha kupunguza hatari hii mwambani.
Sura ya 5 inatathmini ni kwa kiasi gani samaki wakubwa wa spishi 
tatu, yaani Changu doa, Changu njana na Changu janja, wamepita katika 
mikoko au nyasi-bahari wakati wa uchanga wao, kwa kutumia atomi imara 
aina ya isotopu ya kaboni (δ13C) na oksijeni (δ18O) kutoka kwenye mawe ya 
kichwani (otolith). Vipimo vya isotopu hizo vilikuwa chini kwenye samaki 
wadogo kuliko kwenye samaki wakubwa kutoka mwamba-tumbawe kwa 
spishi zote, ikionyesha kuwa samaki hawa hutoka katika mazingira yenye 
tabia tofauti. Thamani ya atomi imara ya isotopu ya kaboni na oksijeni 
ilitumika kuchambua asilimia ya samaki wakubwa waliowahi kuishi ka-
tika mikoko, nyasi-bahari, au mwamba-tumbawe kwa kutumia upembuzi 
wa kikwadratiki na uwezekano wa juu. Iligundulika kuwa zaidi ya asil-
imia sabini (>70%) ya spishi zote, na zaidi ya asilimia themanini (>80%) 
ya Changu doa wakubwa kutoka mwamba-tumbawe waliweza kutambu-
liwa kuwa wameishi katika mokoko (42%) na nyasi-bahari (45%) wakiwa 
wachanga, wakati kwa Changu janja ilikuwa ni asilimia arobaini na tano 
(45%), ila ni asilimia kumi na tatu (13%) tu ya Changu njana walioonekana 
kuishi katika mikoko au nyasi-bahari walipokuwa wadogo. Changu njana 
waliobaki walionekana kuwa walikulia kwenye mwamba-tumbawe.
Matokeo ya tasnifu hii yana mchango mkubwa, kwa eneo moja maal-
um, katika kutafuta suluhu ya mjadala wa siku nyingi juu ya matumizi ya 
mikoko, kwenye eneo la Indo-Pasifiki, kama mazingira ya makuzi kwa 
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samaki. Tasnifu hii imeonyesha ushahidi jadidi kuwa mikoko katika eneo 
husika husaidi kuongeza wingi wa samaki kwenye miamba-tumbawe ili-
yoko jirani nayo. Matokeo ya tasnifu hii ni miongoni mwatafiti za kwanza 
kuonyesha bila shaka yoyote umuhimu wa mikoko kama makuzi ya sa-
maki wachanga, na kuchunguza njia na visababishi vya samaki kuhama 
makazi wanapokua na kuonyesha matumizi yasiyolingana ya maeneo ya 
makuzi. Matokeo ya tasnifu hii pia yanasisitiza juu ya umuhimu wa kulin-
da makazi ya makuzi ya samaki katika mazingira ya pwani kwa ujumla 
wake ili kuhusisha mabadiliko katika maeneo na muda katika matumizi ya 
makazi haya kwa samaki wadogo ambao baadaye huhamia na kuongeza 
samaki kwenye miamba-tumbawe iliyo jirani nayo.
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